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Abstract
This chapter presents an overview of selected aspects and physical pro-
cesses occurring in the inner regions of Active Galactic Nuclei (AGN). Ob-
servational evidence strongly suggests that strong gravitational fields play a
significant role in governing the energy output of AGN and their influence
on the surrounding medium, possibly due to the presence of a supermassive
black hole (SMBH). We begin by an account of observational properties of
AGN, their basic structural components and unification scenarios, and the
arguments for the presence of SMBHs in their cores. Subsequently, in more
detail we discuss selected phenomena that are related to black-hole accretion
and relevant for the emerging radiation signal and the acceleration of matter
in AGN cores. In order to reduce an unnecessary overlap with numerous re-
views and textbook chapters on the similar subject, we focus on just a few
topics, such as the launching scenarios of nuclear outflows and jets that start
and pre-collimate in the immediate vicinity of black holes, at distance of only
a only a few gravitational radii, and then can reach spectacular length-scales
of ∼Mpc, extending far beyond the host galaxy. We also discuss the interac-
tion between magnetic and gravitational fields in the strong-gravity regime of
General Relativity. Some more recent aspects of the AGN unification scheme
are included at the end of the chapter.
Keywords: galaxies: active, black holes: supermassive, relativistic physics
1 Defining properties of Active Galactic Nuclei
Active galactic nuclei (AGN) are compact cores of a special category of galaxies
that are characterized by high luminosity of non-stellar origin. They are distin-
guished also by Spectral Energy Distribution of the emerging radiation which spans
a wide range of electromagnetic spectrum – from low-frequency radio waves across
millimeter, infrared, and optical light, and further up to X-rays and high-energy
gamma-rays. Most AGNs are characterised by a strong emission in UV, known as
the Big Blue Bump, and emission in X-rays much exceeding the typical X-ray lumi-
nosity of normal, non-active, galaxies. Some AGN exhibit powerful jets, collimated
to a very narrow cone and moving by strongly relativistic velocities up to the inter-
galactic space. There is a plenty of different observational evidence of the nuclear
activity in various sources that lead to classification of several different kinds of AGN
(occasionally referred to as an AGN zoology. This various appearance strongly de-
pends on the orientation of the AGN with respect to the observer (as we will more
discuss in Chapter 1.2). Our aim in this book is not to fully describe all observed
kinds of AGN, but rather introduce the main characteristic features.
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Based on a broad spectrum of observational evidence it has been generally ac-
cepted that the common denominator for AGN activity is a supermassive black hole
(SMBH) that accretes the surrounding matter. Variety of physical processes must
operate and a wide range of physical conditions must occur, namely, density, pres-
sure and temperature of the diluted environment, and intensity of the magnetic field
and of the radiation field pervading the SMBH neighborhood. Accretion rate and
the spin of the black hole appear to be the main parameters influencing the intrinsic
properties of active nuclei. Whereas numerical simulations are necessary to model
the evolution of the system, it turns out that idealized scenarios can reflect underly-
ing physical mechanisms in their mutual interplay. We will attempt to supplement
the vast literature that deals with the subject of AGN by the context of simplified
toy-model approaches, where the number of degrees of freedom are reduced and only
selected ingredients are taken into account.
Let us mention a subtle mystery that governs seemingly different and unrelated
objects: the mass scaling and the corresponding length scales. An appropriate
change of the scale by many orders of magnitude can bring us from one type of
object to another, from SMBH in the cores of galaxies to their bulges and even
beyond. This fact has been extensively investigated in the context of geedback
mechanisms and even the impact on the large-scale structure of the Universe.
In Chapter 1.2, we will summarise arguments for the presence of such a giant
black hole in AGN. The multiple convincing evidence has been found also in our
own Galaxy. Unlike the cores of active galaxies, the 106 solar mass black hole in
the center of the Milky Way (Sagittarius A*) is, however, inactive; we will discuss
this in chapter 1.3. In the following chapters, we will review the main radiation pro-
cesses relevant for black-hole accretion (Section 2) and jet-launching mechanisms
(Section 3). Finally, in Chapter 4, we will compare accretion on SMBH in AGN
with the case of stellar-mass black holes in X-ray binaries. Readers are referred to
numerous monographes and review articles (e.g., Krolik, 1999; Osterbrock, 1991;
Schneider, 2006; Netzer, 2013) for further information about physics, observational
properties and rich phenomenology of different kinds of AGN. A very recent expo-
sition can be found in (Padovani et al., 2017). The importance of coevolution of
SMBHs and their host galaxies, processes of SMBH growth and the resulting rela-
tion between the black hole mass and the bulge mass in AGNs have been reviewed
by Kormendy and Ho (2013).
1.1 AGN across wavelengths
The subject of AGNs has grown enormously over recent three decades of intense
investigation. Now it is an arena of too vast and interconnected observational and
theoretical research to be covered in a single review or a book. Even if we concentrate
our attention on a restricted volume of the inner regions near SMBH, we have to
omit many topics, including those ones that are of immense importance. We will
attempt to formulate a compromise and provide a very limited introductory overview
supplemented by several less-discussed aspects of current interest.
Active galaxies differ from normal galaxies, such as our Milky Way, by sig-
nificantly broader wavelength range of their electromagnetic spectrum, which can
extend over the entire observable interval from radio wavelengths, through infrared,
optical, UV, X-ray, up to gamma-ray wavelengths. Each wavelength puts a different
piece into the mosaic. An example of an AGN is a quasar 3C273, whose image in
optical and radio is shown in Fig. 1. While the optical image reveals bright emis-
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Figure 1: Left panel: Optical image of quasar 3C273 adopted from SDSS optical
survey (Stoughton et al., 2002). Right panel: The radio counterpart of 3C273 at
the frequency of 1.4 GHz. Figure from the FIRST survey (Becker et al., 1995).
Figure 2: Schematic view of AGN spectral energy distribution. For a more detailed
discussion see, e.g., Elvis et al. (1994); Richards et al. (2006); Harrison (2014).
sion from a point-like source (nucleus of the galaxy), the radio image reveals two
spatially separated knots of the relativistic jet. Multi-frequency observations are
therefore necessary to fully understand the AGN structure and physics.
The spectral energy distribution (SED) of normal galaxies can be understood as
the superposition of thermal spectra produced by stars of different surface temper-
ature. Since the range of the stellar temperature is rather narrow, Teff & 3000 K
and Teff . 40 000 K, most of the bolometric luminosity of normal galaxies is emit-
ted in the infrared, optical, and ultraviolet parts of the electromagnetic spectrum.
AGN therefore require a different mechanism from the stellar thermal emission to
explain their prominent radio, X-ray, and even gamma-ray emission. Furthermore,
the enormous radiation output of AGN cannot be often detected directly; instead
it is obscured by a lot of gas and dust that absorbs, modifies and reemits much
of the characteristic observational signatures (Hickox and Alexander, 2018). This
reprocessing challenges observational methods to uncover the complete population
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and understand the evolution of SMBHs.
Within a limited energy range the AGN spectral energy distribution can be often
described as a power-law function over a limited frequency range,
Lν ∝ ν−α, (1)
where α is the spectral index. A schematic view of a typical Spectral Energy Dis-
tribution (SED) of AGN is shown in Fig. 2. Different physical components and
mechanisms contribute to the SED. Thermal emission from the accretion disc, non-
thermal emission from the hot corona, X-ray reflection, and reprocessed emission on
the dusty torus, they all contribute to the SED. When the jet is present, the AGN
SED extends to radio and gamma-rays and the jet contribution can even dominate
the signal when pointing along the line of sight towards us (the case of blazars). In
contrast, the spectrum of star burst galaxies (shown by a grey curve in Fig. 2) is
limited mainly to the infrared and optical frequency bands.
Radio band
The radio band was the first band to discover AGN and quasars. The normal stars
are very weak in radio band. Thus, discovering an optical point source that has
also strong radio emission lead to first identification of quasars. The first quasar
discovery was made by Schmidt (1963) who noticed very large redshift (z=0.158)
of emission lines in a star-like source from the 3C (The Cambridge 178 MHz radio
survey) sample (Edge et al., 1959).
The AGN radio luminosity can span enormously over several orders of magnitude,
and therefore, AGNs are distinguished to radio-loud vs. radio-quiet sources. The
majority of AGN are radio-quiet, while only about 10% are radio-loud (Kellermann
et al., 1989; Balokovic´ et al., 2012). The reason for this dichotomy is the presence
or absence of the strong relativistic jet launched by the SMBH. Different ideas
were proposed to explain this dichotomy, including the spin paradigm (Moderski
et al., 1998; Sikora et al., 2007), observational selection effects (White et al., 2000;
Cirasuolo et al., 2003) or evolution of the spectral states (Koerding et al., 2006a;
Svoboda et al., 2017). In the study of radio dichotomy, it is also important whether
the total radio luminosity or only the core radio luminosity is taken into account
(Broderick and Fender, 2011). This distinction is obviously possible only for local
AGN but not for unresolved distant quasars.
The radio luminosity, spectrum and morphological classification depends on how
bright is the jet core versus extended radio lobes created by the jet dissipation
into the intergalactic matter. The original morphological classification by Fanaroff
and Riley (1974) distinguishes between the radio-core (FR type I) and radio-lobes
(FR II) dominated sources. The radio spectral slope differs accordingly. The core-
dominated spectra are typically radio-flat with α = 0 ± 0.5, while the radio lobe-
dominated spectra are steep with α < −0.5. A special class of inverted radio spectra
was established for indices α > 0.5. Many more classes were introduced based on
the radio spectral slope, e.g., Compact Steep Sources (Fanti et al., 1990), Giga-Hertz
Peak Sources (O’Dea et al., 1991), etc.
Infrared band
Most AGN emission in the infrared band is not the direct emission of the accreting
black hole, but reprocessed emission in the dusty environment. Because of the
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strong photoionising effects of AGN emission, the dust can hardly survive in the
innermost region. Instead, a large reservoir of dust occurs at a distance & 1pc from
the black hole. This dust structure is not spherically symmetric, but in overall shape
it concentrates around the equatorial plane and creates a toroidal structure with an
opening angle of ≈ 30− 60 degrees, the so-called torus.
The contribution of the infrared emission is particularly large for the type-II
AGN, a class of AGN that are heavily obscured in the optical emission by the dusty
torus. The absorbed radiation heats the dust whose reprocessed emission appears
in the mid-IR band. There are some AGN classified solely based on their excess
in this mid-IR band, while their optical and X-ray emission would not distinguish
them from normal galaxies.
The infrared emission is essential to understand the nature and geometry of the
torus. Based on the infrared observations, it is now getting more and more evident
that the torus composes from many individual clouds and is clumpy rather than
having a homogeneous structure (Nenkova et al., 2002; Ho¨nig et al., 2006; Ramos
Almeida et al., 2009), as originally proposed by Krolik and Begelman (1988). It was
also realised that the inner radius of the torus as well as its opening angle depends
on the AGN luminosity (see, e.g., Treister et al., 2008; Tristram et al., 2009). For
a recent review on AGN torus physics and structure, see, e.g., Netzer (2015), or an
overview by Burtscher et al. (2016b) of the results achieved by recent most-advanced
infrared-interferometry measurements.
Optical/UV
The optical spectrum of AGN is distinguishable from normal galaxies mainly by
the strong broad-band continuum and strong emission lines often with their large
width that can be explained by the Doppler broadening due to the motion of the
gas around the centre with a supermassive black hole. Not all AGN have similar
properties of their emission lines, and according to the width of the lines, AGN have
been classified into two main types, type-I with very broad lines and type-II with
only narrow lines. Several intermediate types (such as type-I.2, type-I.5, I.9) were
also identified (see, e.g., Osterbrock, 1989).
The explanation of the absence of the broad lines in type-II galaxies is due to the
obscurer in the line-of-sight. Most of the AGN emission is absorbed in these galaxies,
and the observer only sees very dimmed continuum, the reprocessed emission and
the narrow emission lines from the polar regions. The broad line wings appear only
in polarised emission. This discovery led to the so-called AGN Unification, i.e. that
AGN have the similar emission components with various strength because of being
viewed at different angles (Antonucci, 1993).
The AGN SED peaks in the UV band (near 10 eV or 1240 A˚). This peak, known
as the Big Blue Bump, is traditionally associated with the expected peak of the
accretion-disc thermal emission. In some quasar spectra, the Big Blue Bump was
indeed well modelled by the Shakura-Sunyaev accretion disc model (Czerny et al.,
2011). However, for most AGN and quasars, the peak in the SED is not as sharp
as would be predicted by an accretion-disc thermal emission, and other model com-
ponents are needed to explain SED towards infrared and X-ray band. The observa-
tional obstacle is the fact that at the energy range of 13.6 eV - 0.1 keV, the emission
is so obscured by the Galactic inter-stellar gas.
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Figure 3: Schematic view of an AGN X-ray spectrum, adopted from Fabian (2006).
X-rays and γ-rays
The AGN X-ray emission comes from the closest neighbourhood to the super-massive
black hole and possess the most relevant evidence about the central source. The
primary X-ray emission has a power-law like shape and it is dominated by the inverse
Compton scattering of accretion-disc thermal photons in radio-quiet AGN, while the
boosted jet emission prevails the spectrum in radio-loud sources (see Sec. 2.1). The
X-ray power-law radiation is partly reprocessed at the accretion disc surface. The
main imprints of such X-ray reflection are the iron line and the Compton hump,
for a review, see e.g., Reynolds and Nowak (2003); Turner and Miller (2009). A
schematic figure of typical AGN X-ray spectrum, shown in Figure 3.
The soft X-ray part of the AGN spectrum often exhibits an excess that can be
due to ionised reflection (Crummy et al., 2006) or due to Comptonisation of thermal
photons in a warm corona in contrast to the hot corona that creates power-law going
to harder X-rays (Done et al., 2012), The soft X-ray emission is very often subject
of mildly ionised absorption due to so called warm absorber. The absorption lines
are often observed blueshifted, indicating the outflow of the warm absorber. In the
most extreme cases, the outflow reaches voutflow ≈ 0.3 c (Tombesi et al., 2010). Such
outflows are referred to as UFOs (ultra-fast outflows).
The very hard X-ray emission of radio-quiet AGN is very weak. The primary
X-ray power-law is diminished by the exponential decrease of the flux around the
so-called cutoff energy, as predicted by the Comptonisation models. The first mea-
surements of the cutoff energy suggest it to be various, usually over 100 keV (Fabian
et al., 2015).
AGNs with significant γ-ray emission are typically radio-loud objects, indicating
the origin of the γ-rays in relativistic jets. The most luminous γ-ray sources are
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blazars, named after their prototypical source BL Lac. These sources have their
collimated jets pointed towards us and the emission is strongly boosted by the
Doppler beaming effect.
1.2 AGN structure and unification scenarios
A large and stable luminosity that is comparable and often outshines the whole
galaxy is best explained by an infall of matter – gas and dust – through the potential
well of a very compact concentration of matter. For an object with mass M and
radius R, on which a matter of mass m falls from infinity onto its surface, the
released gravitational potential energy is,
∆Egrav = G
Mm
R
. (2)
This energy source can be compared to other relevant source of energy – the
thermonuclear fusion. For the conversion of hydrogen of mass m into helium, the
released energy would be
∆Enuc ' 0.007mc2 . (3)
The ratio of the gravitational and nuclear energies is essentially the function of
the dimensionless mass-to-radius ratio GM/Rc2, which is also denoted as compact-
ness parameter, defined by
 ≡ GM
Rc2
, (4)
where R is a typical length-scale of the system. This compactness parameter can be
expressed also as
∆Egrav
∆Enuc
' 143 . (5)
For the black holes with the typical length-scale is given by the gravitational radius,
Rg =
GM
c
2
' 1.5× 1013M8 cm (6)
(M8≡M/108M). For high compactness, the release of gravitational potential en-
ergy can be even two orders of magnitude larger than the energy available via ther-
monuclear fusion. For black holes, the compactness ratio is naturally the largest.
For neutron stars with the mass of M ≈ 1M and radius of R ≈ 10 km, the com-
pactness parameter is  = GMNS/(RNSc
2) ≈ 0.1, which yields ∆Egrav/∆Enuc of the
order of 10. In case we fix the mass of the gravitating object to one solar mass,
M = 1M, the ratio ∆Egrav/∆Enuc is equal to unity for the radius of R = 200 km,
i.e. for all other stable astrophysical objects the thermonuclear fusion is more ef-
ficient source than the release of the gravitational potential energy 1. For sun-like
stars, the ratio ∆Egrav/∆Enuc ' 10−4, i.e. the accretion yield is several thousand
times smaller than the thermonuclear yield. Nevertheless, even for main-sequence
stars the accretion can be of importance in symbiotic systems where the matter is
transferred from one star to the other.
On the other hand, in binary stellar systems that contain a white dwarf, a fast
thermonuclear fusion on the surface can be visible a bright nova and outshine the
luminosity due to the accretion. The important quantity in all energy procession is
1For white dwarfs, we get  ≈ 10−4 and  ≈ 10−6 for the Sun.
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the timescale τ , on which the energy ∆E is released. The total bolometric luminosity
across the whole electromagnetic spectrum can then be defined as,
L =
∆E
τ
(7)
Let us note that another dimensionless quantity can be also denoted as the com-
pactness parameter in the theory of accretion onto compact objects (Cavaliere and
Morrison, 1980),
ε˜ ≡ LΞT
Rmec3
(8)
with Thomson cross-section for electrons is ΞT = 6.65 246 × 10−25 cm2; ε has an
advantage of taking the effects of radiation pressure into account.
Considering the symmetric stationary accretion on a compact object – assuming
a supermasive black hole (hereafter SMBH) of mass M• – it is possible to derive
a useful analytic expression for the maximum accretion luminosity, for which the
stationary symmetric accretion stops to proceed. Let us assume that the black
hole is surrounded by the ionized hydrogen gas. In that case the radiation pressure
force mainly acts on electrons via the Thomson scattering, since for protons the
scattering is smaller by a factor of (me/mp)
2. Since the electron and the proton
are bound by a Coulomb force, the radial outward radiation force acting on the
whole pair can be calculated as Frad = σTS/c (rate of momentum absorption), where
σT = 6.7×10−25 cm2 is the Thomson cross-section, S is the bolometric radiation flux,
S = L/(4pir2), and c is the speed of light. The Coulomb pair is attracted inwards
mainly due to the proton-black hole gravitational interaction Fgrav = GM•(mp +
me)/r
2 ' GM•mp/r2. Finally, the total inward force acting on the electron-proton
pair can be calculated as,
Ftot ' 1
r2
(
GM•mp − σTL
4pic
)
. (9)
The total force is zero when the term in parentheses disappears, which is for the
luminosity,
LEdd =
4piGM•mpc
σT
= 1.3× 1046
(
M•
108M
)
erg s−1 . (10)
Expression given by Eq. (10) is referred to as the Eddington luminosity, a.k.a. the
Eddington limit. This limit was derived under the assumption of the steady spherical
accretion, which is in real systems quite unrealistic since the accretion proceeds in
the axially symmetric discs in the first approximation as will be discussed in Section 2
in more detail.
However, the Eddington limit still serves as a useful value with which the ob-
served bolometric luminosity Lbol is compared. The ratio of the observed luminosity
to the Eddington luminosity is called the Eddington ratio, λEdd ≡ Lbol/LEdd. In
order to calculate the Eddington ratio, one first needs to convert the luminosity in a
given wavelength (frequency band) to the bolometric luminosity, using the SED of
a given AGN spectral class, see also Fig. 2. The calculation of the Eddington ratio
also requires the determination of the supermassive black hole mass M•, for which
more methods can be employed, depending on the AGN host type and the redshift
of the source. These methods will be summarized in Subsection 1.2.
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Figure 4: The geometrical profile in the azimuthal (φ = const) section and the
distribution o density (colour coded in arbitrary units) within the accretion torus
feeding a M• = 108M SMBH (figure adapted from Hure´, 2000). The black hole is
located in the center of the matter distribution. The gaseous environment becomes
weakly self-gravitating beyond the radius ≈ 6× 102GM•/c2, as characterize by the
Toomre criterion and indicated by the numerically constructed ζ = 1 contour (for
further details, see Karas et al., 2004).
In general, the observations show that the AGN luminosity in most galaxies
is sub-Eddington, λEdd < 1. For low Eddington ratios, λEdd ≤ 0.3, the optically
thick and geometrically thin accretion discs provide good fits to the SED of the
AGN (Koratkar and Blaes, 1999; Blaes et al., 2001; Davis and Laor, 2011). For
higher accretion rates, the disc turns into the geometrically thick or “slim” mode,
with the effects of photon trapping and advection becoming relevant (see Fig. 4;
Abramowicz et al., 1988; Sa¸dowski et al., 2014; Du et al., 2014; Wang et al., 2014a).
The slim accretion discs with super-Eddington luminosities, λEdd ≥ 1, have different
SED properties than standard thin disc, mainly the high-energy cut-off and the
strong anisotropy in the emitted radiation, which is expected to arise due to the
self-shadowing of the inner parts of slim discs (Wang et al., 2014b).
AGNs have various appearance of their electromagnetic spectrum. The most
prominent distinction among different AGN kinds is at the radio band, where the
flux of radio-loud and radio-quiet AGN differs by several orders of magnitude. The
radio-loud AGN are associated with sources launching a powerful and collimated rel-
ativistic jet from the close vicinity to the super-massive black hole (see Section 3).
The other major distinction of different AGN kinds is the presence/absence of the
broad emission lines and suppressed continuum of the obscured sources. The sup-
pressed continuum and the absence of broad emission lines are related and caused by
9
Figure 5: A schematic picture of AGN unification. Radio-quiet sources are divided
into two groups of Seyfert 1 (a.k.a. Sy1) and Seyfert 2 (Sy2) types, as shown at the
bottom, while radio-loud galaxies (shown in the top) are distinguished also according
to the kinetic power of the jet and its orientation with respect to the observer. Notes:
FR I and II are radio galaxies with the morphology according to the Fanaroff-Riley
classification. NLRG are Narrow-Line Radio Galaxies, BLRG are Broad-Line Radio
Galaxies, and FSRQ are Flat-Spectrum Radio Quasars.
a large obscuration of the central region by a dusty circumnuclear structure, called
torus.
The optical polarisation measurements revealed that the broad wings of the lines
are not completely absent in type-II objects. The broad lines that are otherwise
hidden in the total spectra have appeared in the polarised spectra, because the
polarised emission originates by the scattering of the central-region photons at the
polar region. The polarisation thus served as a tool to view the central region of
type-II AGN like via a periscope. These measurements proved that the obscured
type-II sources have also the same central region as unobscured type-I AGN, which
led to the first AGN unification explaining the difference between different kinds
of AGN based on the various viewing angle (Antonucci, 1993; Urry and Padovani,
1995). Type-I AGN are viewed from “above”, while type-II AGN are viewed from
the edge and thus with the line-of-sight intercepting the torus.
Figure 5, adopted from Beckmann and Shrader (2012), schematically shows the
unification scenario for radio-quiet (bottom) as well as radio-loud AGN (top). The
figure displays the main constituents of AGN. There is a supermassive black hole in
the centre surrounded by an accretion disc and electron plasma. About 10% sources
have also a strong relativistic jet and are radio-loud sources. The emission lines
originate in the broad-line and narrow-line regions. The narrow-line region is more
distant and is always visible. However, the broad-line region can be hidden at some
high-inclined orientations. The direct emission from the central region is visible in
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type-I objects, while this radiation is absorbed and only partly transmitted through
a torus in type-II objects. The dominant emission in type-II sources might be the
reflected emission at the torus and the scattered emission in the narrow-line region.
The broad-line region is thus well visible only for low-inclined sources.
A special class of AGN are blazars that are pointing their jets directly towards
the observer. Due to the strong relativistic beaming, the whole SED of blazars is
dominated by the emission from the jet. The blazars can be divided into two groups
- BL Lac and FSRQ (Flat-Spectrum Radio Quasars). The difference between these
two classes is in radio properties (FSRQ having flat spectral index), but mainly in
the presence of the prominent broad optical emission lines in FSRQs, while they are
missing in BL Lac sources. The most accepted explanation for the difference between
these two classes is the difference of their accretion rate. While BL Lac sources are
supposed to be in an inefficient accretion mode with not enough radiation to pho-
toionise the broad-line region clouds, FSRQs are highly-accreting luminous sources
with significant thermal emission from accretion discs sufficient to photoionise the
broad line region (Fossati et al., 1998; Maraschi and Tavecchio, 2003).
The accretion rate is clearly another factor playing a significant role in the AGN
classification. Similarly to the absence of the broad emission lines in BL Lac sources,
also some Seyferts show the lack of the broad emission lines in their spectra, while
they do not show any evidence of obscuration due to the torus blocking the view
to the central region. Such sources are known as true-type-II Seyferts (Panessa and
Bassani, 2002; Bianchi et al., 2012), and may represent low-accreting AGN with
absent or not sufficiently illuminated broad-line region clouds.
The circumnuclear obscurer is not a homogeneous body (as was already discussed
in previous Section reviewing the infrared observations of AGN), but is rather formed
by individual clumps. Therefore, it can happen that a clear view of the central region
is possible in some sources also from a relatively high inclination, depending on the
actual distribution of the obscuring clouds. And because the whole structure is
dynamic (the clouds are in a motion), AGN types can vary from one type to the
other. The change of the spectral type of an AGN was indeed observed several
times, most prominently by sources called changing-look AGNs (LaMassa et al.,
2015; MacLeod et al., 2016). However, it was argued that variable absorption due
to passing clouds can hardly explain variability seen in the large extended optical
region of AGN emission and the intrinsic changes of the accretion flow were suggested
to be more credible interpretation (LaMassa et al., 2015; Noda and Done, 2018).
The basic AGN classification on type-I and type-II sources is not ubiquitous at
any wavelength. Although the obscuration in the optical and X-ray energy domain
was found to be related (Goodrich et al., 1994; Burtscher et al., 2016a), it was shown
by Merloni et al. (2014) on a large AGN sample that only about 70% AGN in fact
agree on the optical and X-ray classification. The rest 30% can be divided in two
sub-groups: (i) to low-luminosity objects that are X-ray unobscured but lack the
broad lines, and (ii) luminous AGN with the broad lines but with prominent X-ray
absorption.
The presence of the supermassive black hole in AGN cores was historically pro-
posed to explain large megaparsec scales of jets in quasistellar objects (QSOs) as well
as the measured emitted large energies and the variability on very short-timescales.
Let us briefly summarize here the main arguments:
• For several radio source, the measured jet sizes reach several megaparsecs,
L ≈ 106 pc. Taking the upper limit of the expansion speed as the speed of
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light c, we obtain the lower limit for the age of the central engine, τ > L/c ≈
106 pc/3× 108 m s−1 ≈ 3× 106 yr.
• Luminous quasars can reach bolometric luminosities of LQSO ≈ 1047 erg s−1.
Then the minimum emitted energy over the engine lifetime is, EQSO ≈ LQSOτ ≈
1061 erg.
• Typical AGNs are variable sources on all timescales, even as short as one day
and less; τvar ≈ 1 day. This timescale sets an upper limit on the emitting region
since the maximum velocity with which the changes can take place is the speed
of light c in order for the whole emitting region to be causally connected. Then
the maximum length-scale can be inferred from a light travel time of the order
of a few days, Remit . τvarc ≈ 1 day × 3× 108 m s−1 ≈ 2.6× 1013 m ≈ 1mpc =
170 AU.
Hence, the central engine has the length-scale of the Solar System and needs to
be stable enough for at least millions of years and be able to produce luminosities
of the order of 1013 L. However, the mechanism of transferring the gas from the
outer parts of the galaxy towards the nucleus and then feeding the central black hole
remains the subject of many debates (Storchi-Bergmann and Schnorr-Mu¨ller, 2019).
It appears that the estimated rate of mass inflow, about 0.01 to a few solar masses
per year, is often higher by three orders of magnitude than the mass accretion rate
onto the central SMBH. A question arises what the actual mass of such a compact
and energetic system is. The mass estimates may be derived from the assumption
of the virial theorem that should hold for the self-gravitating systems of gas, dust
and stars in hydrostatic equilibrium. i.e. those that neither contract nor expand.
The virial theorem may be simply derived for bound orbits of gas and stars that
orbit black holes in the centre of galaxies. The characteristic Keplerian velocity is
given from the Newtonian theory that the centripetal force acting on an object,
vK =
√
GM•/r . (11)
Accreting matter forms a disc-like structure, which consists essentially of many
individual elements; we can imagine them as discrete blobs of plasma, each one
moving along an (approximately) Keplerian orbit with the characteristic velocity
v(R) = vK. Due to viscosity of the disc, blobs gradually lose the angular momentum
and the gravitational potential energy while gaining the kinetic energy:
EK =
1
2
mv2K =
1
2
GM•m/r . (12)
The gravitational potential energy of the blob is EP = −GM•m/r and the corre-
sponding kinetic energy during the accretion process is equal to
EK =
1
2
GM•m
r
= −1
2
EP . (13)
The total mechanical energy reads
Etot = EK + EP =
1
2
EP . (14)
Finally, the virial theorem for the self-gravitating system in hydrostatic equilibrium
(without taking time-dependency into account),
2〈EK〉R + 〈EP〉R = 0 , (15)
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where the brackets 〈...〉R denote the averaging over the whole dynamical system of
the length-scale R.
The importance of the virial-theorem for the accretion onto black holes is that
one-half of the loss of the potential energy is converted into the gas kinetic energy
while the other half is available for the gas heating, which leads to the emission of
electromagnetic radiation in the X-ray, ultraviolet, and visible domains.
The Keplerian velocity profile of the emitting material bound to the central su-
permassive black hole directly implies that the emission lines of the hot gas should be
significantly Doppler-broadened. The observed line profile is given by the summing
of the flux of all orbiting blobs or clouds around the central black hole. For some
AGN, not all, very broad lines with the line widths corresponding to < v >= 103–
104 km s−1 have been detected – these are AGN of type 1. Given the compactness
of the emitting region obtained from the variability timescale, we can infer the total
mass in this region from Eq. (11),
Mcenter =
〈v〉 2R
G
≈ 105–107M . (16)
Based on the virial theorem, Eq. (15), the accretion luminosity can be expressed
as,
Lacc =
1
2
GM•M˙acc
R0
(17)
where R0 is the initial radius, from which the matter falls onto the compact object.
In case of black holes, naturally infalling matter does not hit any surface but passes
through the event horizon. In accretion discs around black holes, hot gas spirals
in due to the extraction of the angular momentum, until it reaches the innermost
stable circular orbit (ISCO). Subsequently, the matter falls into the black hole since
no stable orbit exists inside the ISCO. Therefore, we can set R0 = RISCO. For
a non-rotating black hole, we have R0 = 6GM•/c2 and the accretion luminosity
becomes,
Lacc = ηM˙accc
2 , (18)
where η = 1/12, i.e. the efficiency for a non-rotating black hole is 8.3% and the
correct relativistic calculation would give ∼ 5.7% for an accretion from a thin ac-
cretion disc. For a maximally rotating black hole, RISCO = GM•/c2, which yields
η = 1/2, however the general relativistic calculation again gives a smaller value of
∼ 29%. We see that the accretion efficiency η can reach values as large as ∼ 10%,
which is one order of magnitude larger than the efficiency of the energy release via
the thermonuclear fusion,  . 0.8%, where the uppermost limit corresponds to the
the conversion of hydrogen into iron. In other words, the energy released through
the thermonuclear fusion of hydrogen is ∼ 6× 106 eV per hydrogen atom, while the
accretion from a thin disc on a non-rotating black hole yields the energy rate larger
by one order of magnitude.
If we take η = 0.1, then the accretion rate for typical quasar luminosities of
Lacc ≈ 1046 erg s−1 is,
M˙acc = 1.8
(
Lacc
1046 erg s−1
)( η
0.1
)−1
Myr−1 . (19)
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This means that quasars must accrete close to the Eddington limit LEdd, see
Eq. (10), when considering black holes of mass M• = 108M. The Eddington
accretion rate is derived by setting the accretion luminosity, Eq. (18), equal to the
Eddington luminosity, Eq. (10),
M˙Edd =
4piGM•mp
ησTc
≈ 2.6
( η
0.1
)−1( M•
108M
)
M yr−1 . (20)
The stable and very compact configuration of the order of million Solar masses
can be explained by the presence of supermassive black hole. Other compact objects,
white dwarfs and neutron stars, are too light – white dwarfs, which are prevented
from further gravitational collapse by the pressure of degenerate electrons, have the
upper mass limit given by the Chandrasekhar limit,
MCh ≈ mB[~c/(Gm2B)]3/2 ≈ 1.4M (21)
and neutron stars have a slightly larger, but still too small upper limit given by
the Tolman-Oppenheimer-Volkoff limit, MTOV ≤ 3M.
Main-sequence stars can theoretically reach the masses of the order of 100M
when they consist purely of hydrogen and helium plasma, but they are too short-
lived, less than million years. Hence, classical relativistic theories of stellar structure
and evolution allow only one stable configuration to explain the characteristics of
the AGN – supermassive black holes. However, quantum theories of gravity could
explain the compact large concentrations using models of quantum nature (boson
stars, macroquantumness). In general, the presence of the event horizon is difficult
to prove by observations of the emerging electromagnetic waves (Abramowicz et al.,
2002).
The reader may consider it as strange and mysterious that black holes of 106–
1010M reside in the cores of luminous quasars and following the Soltan argument
(Soltan, 1982), in the nuclei of most nearby galaxies. The classical stellar theories
and numerical studies show that stellar black holes are the final end-states of the
stellar collapse with the remnant mass of > 3M. The initial stellar masses have to
be in excess of 45M depending on the stellar metallicity. Numerical studies that
employ Cold Dark Matter (CDM) models show that the first stars in the early Uni-
verse were very massive, & 100M, with very low metallicities (Loeb and Barkana,
2001). The first baryonic structures started to form at the redshift of z ∼ 30 based
on the principle of the Jeans gravitational instability and they started to reionize
the neutral hydrogen in their surroundings. This so-called reionization era finished
at z ∼ 6, i.e. the Universe was fully ionized at that redshift based on the quasar
observations and the detection of the so-called Lyα forest in their spectra. The
formation of first baryonic structures, such as stars and black holes, provides a tran-
sition from a rather simple, smooth state of the Universe with small, primordial
density fluctuations to the current, coarse state that is full of different structures
and large differences in the mass density. Necessary tools to study this transition in-
clude computationally demanding cosmological hydrodynamic simulations (Bromm
et al., 1999; Abel et al., 2000) as well as future observations in the mid-infrared
bands, in particular by the James Webb Space Telescope (Loeb and Barkana, 2001).
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The Lyα forest is a set of absorption lines in the spectra of distant quasars short of
the Lyα line at the corresponding redshift. Due to the presence of a small amount
of neutral hydrogen along the line of sight, Lyα photons are effectively scattered
and suppressed, which yields a set of absorption lines at the blue-shifted part of the
actual Lyα line. In case the ratio of neutral to ionized hydrogen in the intergalactic
medium reaches larger values than 10−3, the absorption lines become largely blended
and a so-called Gunn-Peterson through is formed. The Gunn-Peterson through was
detected for a quasar at z ≈ 6.28, but not for quasars at smaller redshifts (Becker
et al., 2001). This indicates that at redshift z ∼ 6 the reionization of the Universe by
the radiation of first stars and the activity of first black holes is largely completed.
So far two basic channels of the formation of black hole seeds have been in-
vestigated. One includes very massive hydrogen-helium stars (Population III) that
started to form after the recombination epoch (∼ 380 000 million years) during the
first hundred million years after the Big Bang. These very massive stars of ∼ 100
Solar masses produced seed black holes of 10− 100 Solar masses that accreted from
the local environment. The first stars formed in gaseous molecular discs that cooled
mostly via H2 cooling and fragmented subsequently and formed stars. The second
scenario starts with a gaseous disc again, but instead of cooling through molecular
hydrogen, it contains mainly atomic hydrogen, which is not such an efficient coolant.
This scenario also includes external irradiation, which prevents molecular hydrogen
from forming. The gaseous disc then becomes gravitationally unstable as a whole
and the matter is channeled into the centre where the black hole is formed directly –
a so-called direct collapse black hole (see also Natarajan, 2018, for an overview and
a popular account). Natarajan (2018) describes the two scenarios, on one side the
formation of seed black holes from Population III stars, and the direct collapse of an
externally illuminated gaseous disc on the other side. The problem of the scenario
that involves Population III stars as the origin of black-hole seeds is that the black
holes are not massive enough at ∼ 770 million years after the big bang when the
first quasars are expected to appear. This “under-weight” problem is solved by the
model of the direct collapse of a gaseous disc, which can lead to the much faster
growth of the first black holes.
The basic model of the black hole growth by accretion can be constructed from
the first principles. Let us assume that the black hole accretes with the efficiency of
 and the rate of M˙acc, which yields the accretion luminosity of
Lacc = M˙accc
2 . (22)
The complementary fraction of the accretion rate contributes to the black hole mass
increase,
M˙• = (1− )M˙acc . (23)
which can be rewritten in terms of the Eddington luminosity and the Eddington
ratio using Eq. (22), (17)
M˙• =
1− 

LEdd
c2
λEdd . (24)
Using the Eddington luminosity, the relation (24) can be rewritten in such a way
so that the mass is on the left side and the time on the other in a differential form.
Subsequently, one can integrate the left side with the limits (M•(0),M•) and the
right side with the limits (0, t),∫ M•
M•(0)
dM ′•
M ′•
=
∫ t
0
1− 

λEdd
4piGmpc
σTc2
dt′ , (25)
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which after the integration yields an exponential growth model,
M•(t) = M•(0) exp
(
1− 

λEdd
t
τSal
)
. (26)
Hence the black hole mass grows exponentially with time, M• ∝ exp (t/τSal), where
the e-folding timescale τSal is the Salpeter time,
τSal =
M•c2
LEdd
=
σTc
4piGmp
' 4.5× 108 yr . (27)
Apparently, τSal depends on the fundamental constants only.
1.3 AGN vs. inactive galaxies; the context of the Milky
Way’s center
About 2.5 billions of years after the Big Bang (redshift ∼ 2− 3), the Universe went
through the period of ‘quasar era’, when most large galaxies were accreting at rates
close to the Eddington limit. Quasars were 10 000 times more common than in
the nearby Universe. In other words, only about 1 quasar in 500 galaxies can be
detected today. In the local Universe, quasars and even medium-luminosity Seyfert-
like sources are rare and & 90% of galaxies are inactive or show only little activity.
Since massive black holes cannot be destroyed or evaporate during the Universe
lifetime, the argument is that black holes powering quasars are inactive or dormant
in nuclei of most current galaxies, mainly massive ones (‘Soltan argument’, Soltan,
1982).
The pioneering works of Lynden-Bell (1969) and Lynden-Bell and Rees (1971)
attributed large quasar luminosities to the conversion of the potential energy of in-
falling material into radiation – they pointed out the large efficiency of the accretion
mechanism in producing thermal and radiative energy. The inclusion of the SMBHs
into the centre of most large galaxies led to solving many questions related to the
quasar activity, mainly they could explain large luminosities and the jet generation.
However, a more direct dynamical evidence for the presence of massive black holes
was still missing. For such an experiment, nearby nuclei are much better suited be-
cause of instrumental resolution limits. In other words, it was necessary to look for
the evidence in ‘dead quasars’ of the local Universe where the activity of black holes
is none or little at best. Therefore the previous discussion concerning the accretion
in AGN manifested by the accretion disc and the jet and their radiative signatures
has little relevance for inactive galaxies.
The best dynamical probe of the black hole presence are stellar orbits. Stars
have significantly larger ratios of their mass to their cross-section than orbiting gas
clouds. Therefore they are not sensitive to non-gravitational forces, which makes
the potential mass determination reliable. However, the length-scale on which the
potential of the SMBH prevails over the stellar cluster potential is rather small in
comparison with the typical galaxy size. One can derive the radius of the influence
of the SMBH in a galactic bulge by considering a typical Keplerian velocity at the
distance r from the SMBH of mass M•, vK =
√
GM•/r. By comparing the Keplerian
velocity to the average one-of-sight velocity dispersion of stars σ?, one arrives to the
critical length-scale, below which the gravitational potential is dominated by the
point mass of M•,
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r . Rinf ≈ GM•
σ2?
. (28)
If we consider for the numerical evaluation the black hole mass of M• = 107M
and the average velocity dispersion of stars in the bulge (on large scales), σ? =
100 km s−1, the influence radius typically extends on the scales from a fraction of a
parsec to several parsecs,
r . Rinf ≈ 4.3
(
M•
107M
)( σ?
100 km s−1
)−2
pc . (29)
Therefore it depends on the angular resolution of instruments in order to resolve
the sphere of influence in our Galaxy as well as in other galaxies. Considering the
eight- meter class telescopes in the infrared bands, which are frequently used for the
imaging of the Galactic centre, a typical angular resolution given by the diffraction
limit is θ ≈ λ/D ≈ 52 mas, which was evaluated for the wavelength of λ = 2µm
and the telescope aperture of D = 8 m.
The angular scale of the influence radius, when scaled for the distance of 1 Mpc,
is
θinf = 887
(
M•
107M
)( σ?
100 km s−1
)−2( D
1 Mpc
)−1
mas , (30)
which implies that the Keplerian rise inside a nuclear star clusters can be resolved to
the distance of D < 17 Mpc for the SMBH mass of 107M. This limits the studies
of the sphere of influence of the SMBH for nearby galaxies, of course depending also
on the mass of the SMBH, which directly influences the length-scale of the sphere
of influence.
For the Galactic centre SMBH and the averaged one-dimensional stellar velocity
dispersion of σ? ≈ 100 km s−1, we get (see e.g. Merritt, 2013; Generozov et al., 2015),
Rinf ' GM•/σ2? = 1.7
(
M•
4× 106M
)( σ?
100 km s−1
)−2
pc , (31)
. which corresponds to the angular scale of θinf ≈ 44′′. With eight-meter class
telescopes in the NIR-bands, one can thus map the potential up to as small scales
as of ∼ 52 mas ≈ 2.1 mpc.
It is only inside Rinf that one can expect to measure the Keplerian rise in orbital
velocities of stars, v? ∝ r−1/2. The Galactic centre – the closest galactic nucleus to
us – played an important role in confirming the presence of the black hole since the
Keplerian rise was not only detected but for several closest stars their orbits were
determined. The first proper motions of stars were detected (Eckart and Genzel,
1996, 1997; Ghez et al., 1998), who also introduced the notation of fastest stars
beginning with “S” (representing the infrared source). Subsequently, the measured
proper motions and relative velocities have been used to derive accelerations and
stellar orbits for several S stars (Eckart et al., 2002; Scho¨del et al., 2002; Ghez
et al., 2008; Gillessen et al., 2009; Boehle et al., 2016; Gillessen et al., 2017). In
the future, this will allow to test the General Theory of Relativity based on the
determined orbits of S stars (mainly S2) and potentially stars that will be found
on even tighter orbits (Eckart et al., 2017; Parsa et al., 2017; Waisberg et al., 2018;
Zajacˇek and Tursunov, 2018). In fact, the NIR-observations of S2 star moving
around Sgr A* on a highly elliptical orbit with the period of ∼ 16 yr led to successful
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measurements of two relativistic effects – the combined gravitational redshift and
relativistic transverse Doppler effect of ∼ 200 km s−1 (Gravity Collaboration et al.,
2018a) and an indication of the periastron shift (Parsa et al., 2017) being consistent
with the predicted value of 12 arcminutes per orbital period.
Although the number density of stars towards the Galactic centre increases as
n? = n0(r/r0)
−δ for δ > 0, the total number of stars inside the radius r, N?(< r),
falls off with the deprojected radius for 0 < δ < 3 since the volume shrinks with r3.
The observationally determined value of the power-law slope of the stellar density
is δ < 3, see e.g. Scho¨del et al. (2009) or Genzel et al. (2010), with late-type stars
forming a flat core and early-type stars forming a steeper cusp towards the centre,
see Fig. 6 for an illustration. The number of stars can thus fall below one at a
certain radius, which marks the volume which lacks stars or one can refer to it as a
sparse region, see also Zajacˇek and Tursunov (2018) for a detailed discussion. As a
consequence, it is quite implausible to detect a cluster of stars in the strong-gravity
regime, i.e. below 100 Schwarzschild radii. To quantify the length-scale, on which
the number of stars is expected to fall below one for a certain stellar type T , it is
straightforward to calculate the radius r1T at which this is expected to happen. One
can obtain the radius r1T from the integral N?(< r) =
∫ r
0
4pir2n?(r)dr by setting
N?(< r) = 1 (see also Hopman and Alexander, 2006; Zajacˇek and Tursunov, 2018),
r1T = Rinf(CTNinf)
−1/(3−δT) , (32)
where Rinf is the radius of gravitational influence, see Eq. (31), Ninf is the total
number of main-sequence stars inside Rinf , CTNinf is the total number of stars of
type T inside Rinf and δT is the power-law slope of the stellar population of type T .
Hopman and Alexander (2006) analyzed the inner radius of the stellar cluster for
different types of objects, namely main-sequence stars (MSs), white dwarfs (WDs),
neutron stars (NSs), and stellar black holes (BHs). Hopman and Alexander (2006)
analyzed the properties of the nuclear star cluster and determined that there are in
total Ninf ≈ 3.4×106 main-sequence stars inside the influence radius. In Table 1, we
list the inner radii of other stellar components of the cluster as calculated by Hopman
and Alexander (2006). According to Table 1, below a few 100 Schwarzschild radii, it
is quite unlikely to detect a star that can be used for high-precision tests of general
theory of relativity in the highly relativistic regime.
Table 1: An overview of inner radii of the nuclear stellar cluster for different stellar
types T calculated according to Eq. (32) using the dynamical model of Hopman and
Alexander (2006).
Population T CT δT r1T [pc] r1T [rS]
MS 1 1.4 2× 10−4 523
WD 10−1 1.4 7× 10−4 1831
NS 10−2 1.5 2× 10−3 5231
BH 10−3 2 6× 10−4 1569
The lack of stars on the scales of 10 Schwarzschild radii is, however, comple-
mented by orbiting hot spots that orbit Sgr A* close to the innermost stable prograde
circular orbit (ISCO) of a nearly Schwarzschild black hole or alternatively, at the
retrograde ISCO of a highly-rotating Kerr black hole (Gravity Collaboration et al.,
2018b). These observations were performed by the near-infrared GRAVITY@ESO
intereformeter, which can resolve the offset of an emission centroid from Sgr A* with
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an angular resolution of ∼ 20−70µas. The instrument detected the continuous shift
of the centroid position on the length-scales of 150µas with the periodicity of 10−30
minutes. The detected clockwise shift of the emission centroid is consistent with the
nearly face-on orbital motion of a denser blob of relativistic electrons that emit non-
thermal synchrotron NIR emission. According to the detected positions of the blob,
the motion takes place on the scale of 6−10 gravitational radii (GM•/c2). In general,
due to uncertainties, the observations suffer from a spin-degeneracy, hence the hot
spot orbits Sgr A* close to the prograde ISCO of a nearly Schwarzschild black hole
(low-rotating Kerr black hole) or close to the retrograde ISCO of a highly-rotating
Kerr black hole. Based on the modulated light curves, flares of Sgr A* modelled by
an orbiting hot-spot model can be employed to probe the potential of Sgr A* in a
strong-gravity regime, which is currently inaccessible for stars. Light curves of X-ray
flares were used to obtain an independent estimate of the mass of Sgr A* (Karssen
et al., 2017), which is consistent with the mass determined from stellar astrometry.
The connection between the multiwavelength variability of Sgr A* and blobs or
hot spots orbiting on ISCO scales was already proposed and studied more than a
decade before the actual detection of an orbital motion by the GRAVITY experi-
ment (Broderick and Loeb, 2005, 2006; Meyer et al., 2006). The orbiting hot-spot
may result from shocks or magnetic reconnection events in the innermost parts of
the hot, magnetized accretion flow (Eckart et al., 2008; Yusef-Zadeh et al., 2008; Za-
maninasab et al., 2010; Li et al., 2015). These plasma instabilities can produce blob
of relativistic electrons with the Lorentz factor of γ ∼ 103 − 106, which can explain
the multiwavelength variability of Sgr A* that occurs on hourly timescales. The
flares also exhibit the time lags of about one hour between the NIR/X-ray domain
and flares at lower frequencies (submillimeter domain), which can be explained by
cooling via an adiabatic expansion (Eckart et al., 2008; Yusef-Zadeh et al., 2008). In
addition, some NIR flares have simultaneous X-ray counterparts which implies the
synchrotron-self-Compton (SSC) or inverse Compton process to explain the NIR/X-
ray connection (Eckart et al., 2004, 2006a,b).
The NIR flares exhibit a correlation between flux modulations and changes in the
polarization angle and degree (Zamaninasab et al., 2010). Zamaninasab et al. (2010)
showed that the changes in the polarization angle during flares are consistent with
the orbital motion of a compact hot spot rather than with the extended emission.
This was also confirmed by the GRAVITY experiment (Gravity Collaboration et al.,
2018b), which detected a continuous swing of the polarization angle connected with
the centroid shift with the periodicity of 45 ± 15 minutes. Such a gradual change
in the polarization angle may be explained by the hot spot motion in the poloidal
magnetic field, i.e. which is perpendicular to the orbital plane.
Localization of Sgr A and Sgr A* – the historical perspective
The first radio source ever observed was the Galactic centre by Karl Jansky in
1932 at the frequency of 20.5 MHz and the angular resolution of 25◦ × 35◦. Grote
Reber continued in his effort and developed his own radiotelescope and receivers
between 1938 and 1948, partially during WWII. He detected the emission from the
plane of the Milky way at the frequency of 160 MHz, which corresponds to 1.9 m.
Piddington and Minnett (1951) detected a prominent source of radio emission at
1.2 GHz and 3 GHz. The radio emission of the source appeared to be flat between
100 MHz and 1210 MHz, similar to another radio source Taurus A. They proposed
that optically thin thermal gas is responsible for the emission and the source became
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to be known as Sagittarius A. In the mid-1960s Barry Clark and Dave Hogg used the
two element Green Bank interferometer in West Virginia to analyze the small-scale
structure of the radio emission with the angular resolution of 10′′. They detected a
smaller structure inside the Sgr A complex with the flux density of 0.3 Jy at 2.8 GHz
(11 cm. However, the source was confused with the thermal emission of Sgr A West
(Clark and Hogg, 1966).
These early observations of the Galactic centre region were essentially simulta-
neous with the discovery of quasars (Schmidt, 1963) and the realization that they
are extremely distant and luminous. The enormous energy in extragalactic sources
was proposed to originate in large concentrations of mass in their centers and the
proposal of ‘giant stars’ powering Seyfert galaxies and quasars (Hoyle and Fowler,
1963). It was obvious from the first principles that the sudden concentration of
mass into relativistic dimensions can yield enough energy to explain the power out-
put of the AGN. Such a mechanism was proposed in the early 1960s by Vitaly L.
Ginzburg in the context of the contraction of the central regions of galaxies and the
subsequent formation of protostars (Ginzburg, 1961). Similar and other ideas and
theories were presented at the First Texas Symposium on Relativistic Astrophysics
in Dallas in December 1963. This event, which is often considered as the “land-
mark” in the rebirth of relativistic and gravitational astrophysics, brought together
theorists and observers of the time. Although the Symposium did not provide final
clues to the problem of quasar energetics, it triggered new enthusiasm and pointed
astrophysicists in the right direction.
The first original theory of the accretion of gas and dust onto a collapsed object,
which releases the thermal and radiative energy due to the conversion of the gravi-
tational potential energy of the infalling matter, was proposed by Yakov Zel’dovich
and Igor Novikov (Zel’dovich and Novikov, 1972). Independently, essentially the
same process was described in 1964 by Edwin Salpeter at the Cornell University in
the context of massive objects with the mass of M & 106M powering quasi-stellar
objects (Salpeter, 1964). Donald Lynden-Bell generalized the quasar accretion mech-
anism to other galactic nuclei (Lynden-Bell, 1969). Subsequently, Lynden-Bell and
Rees (1971) discuss the Galactic centre specifically as a potential location of the
“old-quasar” black hole and suggest to use the Very Long Baseline Interferometry
(VLBI) to infer its flux density and the position. They also suggested to use objects
in the surroundings of the black hole – specifically line-emitting gas – to determine
its mass.
Finally, a compact radio source later denoted as Sgr A* was discovered by Bruce
Balick and Robert Brown on February 13 and 15, 1974, which showed a brightness
temperature in excess of ∼ 107 K and was unresolved at < 0.1′′. To resolve such
a compact object among the extended radio emission of the angular size of . 20′′
was made possible thanks to the newly commissioned interferometer Green Bank
– Huntersville (National Radio Astronomy Observatory – NRAO) with the longest
baseline of 35-km baseline. It consisted of three 26-meter telescopes in Green Bank,
which were separated by . 2.7 km and the newly-installed 14-meter radio telescope
on the mountaintop in Huntersville separated by 35 km from Green Bank. The Green
Bank–Huntersville interferometer could observe at 11 cm and 3.7 cm simultaneously.
Sgr A* and the environment of its SMBH
The detection of stellar proper motions, the measurement of radial velocities and
mainly the fitted quasi-Keplerian orbits of stars in the innermost arcsecond from
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the compact radio source Sgr A* led to the very reliable determination of the mass
of the central dark object, M• ' 4× 106M (Eckart and Genzel, 1996, 1997; Ghez
et al., 1998; Scho¨del et al., 2002; Gillessen et al., 2009; Boehle et al., 2016; Parsa
et al., 2017; Gillessen et al., 2017).
Under the assumption that Sgr A* is a black hole, the corresponding Schwarzschild
radius is RSchw = 1.2× 1012 cm(M•/4× 106M) and the expected mean density is,
ρ• = 1.7× 1025
(
M•
4× 106M
)(
RSchw
3.9× 10−7 pc
)−3
Mpc−3 . (33)
If the measurements of the orbiting matter (stars and hot gas) approach this
value, we can consider Sgr A* to be a black hole in a classical relativistic sense
for simplicity, excluding extended configurations such as a cluster of old compact
remnants. On the other hand, it is experimentally very difficult to distinguish a black
hole from other very compact configurations of matter that lack an event horizon,
such as boson stars, fermion balls, and other options (for a general discussion and
the notion of “macroquantumness”, read more in Eckart et al., 2017).
Among the determined stellar orbits in the innermost stellar cluster (so-called
S cluster; see the pioneering works by Eckart and Genzel, 1996, 1997; Ghez et al.,
1998), the tightest constraint for the density of the dark mass comes from the moni-
toring of B-type star S2 (or S0-2) with the pericentre distance of rP ' 5.8× 10−4 pc
(Parsa et al., 2017; Scho¨del et al., 2002; Gillessen et al., 2009, 2017)
ρS2 = 5.2× 1015
(
M•
4.3× 106M
)(
rP
5.8× 10−4 pc
)−3
Mpc−3 . (34)
The largest density constraint is given by 3σ Very Long Baseline Interferometry
(VLBI)-measured source size of ∼ 37µas (Doeleman et al., 2008), which in com-
bination with the lower mass limit of MSgrA∗ & 4 × 105M based on the proper
motion measurements (Reid and Brunthaler, 2004), yields the density lower limit of
ρSgrA∗ ≥ 9.3 × 1022Mpc−3. This is only about two orders of magnitude less than
the density expected for a black hole of ∼ 4 × 106M, see Eq. (33). When taking
into account the overall stability of this dark concentration of mass over the Galaxy
lifetime of ∼ 1010 yr, the most plausible stable configuration that can explain such a
large concentration of mass within a small volume emerges within the framework of
general relativity: a singularity surrounded by an event horizon – a black hole, rul-
ing out most of the unstable alternatives (Eckart et al., 2017), such as dense stellar
clusters and boson stars.
From multiwavelength observations over the past fifty years, ranging from radio,
millimeter, sub-millimeter, through infrared, X-ray, up to gamma-ray wavelengths
(see Genzel et al., 2010, for a review), it has become clear that the supermassive
black hole associated with the compact radio source Sgr A* is not surrounded by
vacuum. Instead, it is embedded in the Nuclear Star Cluster (NSC), which is one of
the densest stellar clusters in the Galaxy (Scho¨del et al., 2014), as well as multi-phase
gas and dust environment (Moser et al., 2017).
In Fig. 6, we illustrate different components of the inner portions of the Galaxy.
The figure captures the clumpy Circum-Nuclear Disc (CND), which is mostly com-
posed of warm (∼ 100 K) neutral and molecular gas of the total mass of MCND ≈
105M and the number densities of nCND ≈ 104 − 107 cm−3 (Genzel et al., 1985;
Serabyn and Guesten, 1986; Guesten et al., 1987; Mezger et al., 1989; Christopher
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Figure 6: An illustration of the multi-component stellar and gaseous-dusty environ-
ment around the compact radio source Sgr A*. The stellar population consists of
older, red stars that whose density appears to decrease towards the centre, forming
a distinct flat core. The density of young, massive OB/Wolf-Rayet stars, on the
other hand, increases towards Sgr A*, creating a cusp. In the same region, where
the Nuclear Star Cluster is located, the interstellar medium is filled with hot, am-
bient plasma. Denser and partially neutral minispiral arms orbit around Sgr A*,
while some of the wind-blowing stars move supersonically through them and form
extended bow shocks. The population of compact remnants is observationally unex-
plored in general. Its presence is, however, expected based on the history of massive
star-formation in the Galactic centre (Morris, 1993). The heaviest members – stel-
lar black holes – are expected to sink towards the very centre due to the dynamical
friction and kinetic energy equipartition.
et al., 2005; Requena-Torres et al., 2012; Mills et al., 2017). The peak of the molec-
ular emission is at ∼ 1.6 pc from Sgr A*. However, the outer edge of the CND at
∼ 4− 7 pc approximately coincides with the outer edge of the Nuclear Star Cluster.
The inner edge of the CND is rather sharp at ∼ 1.5 pc, where the gas density drops
below ∼ 104 cm−3 (Blank et al., 2016). This inner part is also denoted as the central
cavity, which is composed mostly of rarefied gas ionized by hot massive OB stars
in this region. The central cavity is considered to be refilled with the gas from the
CND due to the interaction between its inner rim and an almost spherical outflow
from the central stellar cluster, see Fig. 7 for an illustration.
However, the medium in the central cavity is in general multi-phase, with the
three Minispiral arms (also denoted as thermal Sgr A West) reaching larger gas
densities of a few of ∼ 104 cm−3 (Zhao et al., 2009, 2010) in comparison with the
hot plasma in their surroundings. The gas in the arms is mostly ionized and has
the electron temperature of ∼ 5 000−13 000 K (Zhao et al., 2010; Kunneriath et al.,
2012). The Minispiral arms have a total gas mass of ∼ 100M and the Northern and
the Western arms are considered to be ionized inner parts of the CND (Christopher
et al., 2005). The dynamics of the three arms can be fitted by three bundles of
quasi-Keplerian ellipses with Sgr A* at the focus (Zhao et al., 2010). Molecular
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Figure 7: Projected positions of the Circum-Nuclear Disc (CND) and the Minispiral
arms. The Minispiral is colour-coded to express radial-velocities of the emitting
ionized gas along the three arms according to the quasi-Keplerian model of Zhao
et al. (2010). The inner rim of the clumpy CND is located at ∼ 1.5 pc, where the
region of rarefied ionized gas – the so-called Central Cavity – is located. The central
outflow from the central stellar cluster centered at Sgr A* plausibly interacts with
the inner rim of the CND, whose material fills the cavity. This region is, however,
not quite homogeneous and spherically symmetric. Several gaseous phases – ionized,
neutral, molecular – as well as dust grains are located in the central region.
gas is detected in Sgr A West as well (Moser et al., 2017), mostly outside of the
Minispiral arms that are predominantly ionized. In Fig. 8, three different phases are
depicted: ionized gas (blue; based on 250 GHz continuum observations with ALMA,
0.75′′ beam), molecular gas (green; CS(5−4) line-emission observations with ALMA,
0.75′′ beam), stars and warm dust (red; 3.8µm observations with VLT).
Because of the presence of other bodies in the vicinity of Sgr A*, the classical
general-relativistic solutions derived for vacuum, i.e. Kerr-Newman metric in the
most general form (which turns into the Kerr metric for the assumed zero electric
charge and subsequently the Schwarzschild case for an uncharged non-rotating black
hole), are basically not valid. However, since typical stars and gas clouds have
negligible masses in comparison with Sgr A*, they can be treated as test particles in
most relevant cases. In many cases, it is sufficient to treat the motion of stars in the
post-Newtonian framework (Rubilar and Eckart, 2001). When necessary, the motion
of test particles can be calculated for the Kerr metric with relevant perturbation
effects of the stellar cluster and the gaseous-dusty structures. In particular, general-
relativistic treatment of self-gravitating discs and rings made up of stars and gas
was analyzed (Karas et al., 2004; Semera´k and Sukova´, 2010, 2012; Witzany et al.,
2015) since such structures can be detected in the standard AGN model (standard
thin Shakura-Sunyaev accretion disc) as well as in the Nuclear Star Cluster around
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Figure 8: Combined multiwavelength image of the innermost parsec of the Galactic
centre. Colours represent three different phases of matter: ionized gas (blue; based
on 250 GHz continuum observations with ALMA, 0.75′′ beam; Moser et al., 2017),
molecular gas (green; CS(5−4) line-emission observations with ALMA, 0.75′′ beam;
Moser et al., 2017), stars and warm dust (red; 3.8µm observations with VLT; Sabha
et al., 2012). Figure courtesy of Moser et al. (2017).
Sgr A* in the form of the Clock-Wise stellar disc (Bartko et al., 2010).
-100 -50 0 50 100
Galactic longitude l (pc)
-100
-50
0
50
100
G
a l
a c
t i c
 l a
t i t
u d
e  
b 
( p c
)
-40 -30 -20 -10 0 10 20 30 40
Galactic longitude l (arcmin)
-40
-30
-20
-10
0
10
20
30
40
G
a l
a c
t i c
 l a
t i t
u d
e  
b 
( a r
c m
i n )
Sgr B2
Sgr C2
Sgr A*
G0.11-0.11
MC 1
MC 2
Bridge B2
Bridge D
Bridge E
Sgr C1
Sgr C3
Sgr B1
-100 -50 0 50 100
Galactic longitude l (pc)
-100
-50
0
50
100
G
a l
a c
t i c
 d
e p
t h
 d
 
( p c
)
-40 -30 -20 -10 0 10 20 30 40
Galactic longitude l (arcmin)
-40
-30
-20
-10
0
10
20
30
40
G
a l
a c
t i c
 d
e p
t h
 d
 
( a r
c m
i n )
Sgr C1
Sgr C2
Sgr C3
Sgr A*
Sgr B2 G0.11-0.11
MC 2
MC 1
Bridge B2
Bridge D
Bridge E
Sgr B1
Figure 9: Positions of the molecular clouds around Sgr A* (Molinari et al., 2011;
Capelli et al., 2012) can be reconstructed with improved precision of future X-ray
imaging polarimetry, assuming that the primary radiation signal from the SMBH
accretion has been scattered towards the observer (Marin et al., 2015). Left panel is
oriented along the edge-on view (as seen from Earth), whereas the right panel shows
the perpendicular view, i.e. from the perspective of the pole-on direction.
Koyama et al. (1989) suggested that the X-ray emission, and in particular the
intensity of 6.7 keV iron line speak in favour of presence of interstellar medium shock-
heated by an energetic explosion. Although Sgr A* appears to be very quiet and
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underluminous in its present state, there is circumstantial evidence for much more
vigorous activity in the relatively recent history over past few hundred years. The
evidence has been accumulated for at least two high-luminosity phases during which
the SMBH environment was illuminated by intense X-rays (Sunyaev and Churazov,
1998; Inui et al., 2009; Ponti et al., 2010b). Going back in the history, the activity
can be recognized in the early broadband (15 arcmin resolution) images from Granat
satellite (Sunyaev et al., 1993). Indeed, in order to probe the enormously crowded
field of near surrounding Sgr A*, excellent imaging capability is essential. But in
addition it, the imaging polarimetry can constrain the physical processes with much
higher confidence. Especially the scenario of centrally illuminated distribution of
clouds orbiting the SMBH automatically suggests a possibility of polarized signal
(the reflection component) and the polarization angle and degree can be used to
trace the 3D positions of the clouds (Marin et al., 2014).
Sgr A* and hot accretion flows
The compact radio source Sgr A* is a very faint source in comparison with active
galactic nuclei, with the bolometric (accretion) luminosity several orders of mag-
nitude below its Eddington limit. With the measured bolometric luminosity of
LSgr A∗ . 1037 erg s−1 (Narayan et al., 1998; Genzel et al., 2010; Eckart et al., 2017)
and the mass of M• ' 4× 106M, the Eddington ratio for Sgr A* is,
λEdd =
LSgrA∗
LEdd
. 10
37 erg s−1
5.2× 1044 erg s−1 ≈ 1.9× 10
−8 , (35)
i.e. Sgr A* is eight to nine orders of magnitude below the Eddington limit for
4×106M black hole. From the Faraday rotation measurements of Sgr A*, Marrone
et al. (2007) inferred the upper and the lower limit of the accretion rate, M˙acc = 2×
10−7 M yr−1 and M˙acc = 2×10−9 M yr−1, respectively. The source of the material
are potentially the stellar winds of ∼ 100 massive Wolf-Rayet (WR) of spectral
types O and B that orbit the black hole in the innermost one parsec (Lu et al., 2009;
Bartko et al., 2010). The gas from stellar winds is captured by the gravitational pull
of the black hole within the Bondi radius rB, at which the gravitational potential of
Sgr A* overcomes the thermal pressure of the ionized plasma,
rB ' 2GM•
c2s
≈ 0.15
(
M•
4× 106M
)(µHII
0.5
)( γ
1.4
)−1( Tp
107 K
)−1
pc , (36)
where the mean atomic weight is set to µHII = 0.5, which corresponds to the fully
ionized plasma or HII region.
Inside the Bondi radius expressed by Eq. (36), the accretion flow towards Sgr A*
is currently well-explained in the framework of radiatively-inefficient accretion flows
(RIAFs). One of the models of RIAFs is an optically thin advection dominated
accretion flow (ADAF), which is characterized by advective cooling in comparison
with standard accretion discs (see Chapter 2), which cool efficiently down radiatively.
By advective cooling it is understood that the energy released via the flow viscosity
is stored as entropy and essentially is transported inward by accretion. If we look
at the flow element at the fixed radius from a rest frame, the material with larger
entropy moves inward and is replaced by the lower-entropy material from an adjacent
outer part of the flow. This way the ADAF flows can be become much hotter than
standard thin discs, which leads to high-energy emission.
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2 Radiation mechanisms and SMBH accretion
2.1 Main components of the observed radiation
The spectral energy distribution (SED) of AGN differs from normal galaxies mainly
by the large luminosity across the electromagnetic spectrum from radio to gamma-
rays, both extreme long and short wavelengths being present particularly when
the AGN produces significant emission from the outflowing relativistically-fast jet.
The large AGN luminosity (typical AGN luminosity is by more than 8 orders of
magnitude larger than the luminosity of our Galaxy centre) can be well explained
by accretion onto a supermassive black hole. Depending on the accretion mode (see
the last chapter 4 for more details), the total emission is either dominated by thermal
emission from an accretion disc or by non-thermal emission from the accretion disc
corona and/or relativistic jet.
Accretion disc thermal emission
The thermal blackbody radiation is described by the Planck radiation law. The
spontaneous radiative distribution of the entropy emerges radiation with the specific
intensity I [Wm−2Hz−1sr−1], given by the Planck function:
B(ν, T ) =
2hν3
c2
1
e
hν
kT − 1
, (37)
where ν is the emitted frequency and T is the temperature of the blackbody sur-
face. The blackbody emission is radiated by an optically thick matter, in which
the thermal photons emerge multiple scattering with particles and the temperature
possesses a value corresponding to the kinetic energy of the particles.
The peak frequency νpeak is the frequency at which I(ν, T ) given by eq.37 reaches
its maximum. It is proportional to the temperature as:
hνpeak = 2.82kT, (38)
which was known before the Planck’s law as the Wien displacement law. For fre-
quencies well below the peak:
B(ν, T ) ≈ 2ν
2kT
c2
(Rayleigh− Jeans), (39)
and for frequencies well above the peak:
B(ν, T ) ≈ 2hν
3
c2
e−
hν
kT (Wien). (40)
It is straightforward to derive both, the Wien’s and Rayleigh-Jeans’s approximations
from the eq. 37 by the Taylor expansion e
hν
kT = 1 + hν
kT
+ · · · .
The energy flux of blackbody radiation is given by the Stefan-Boltzmann’s law:
F = σT 4, (41)
where σ is the Stefan-Boltzmann constant σ = 2pi
5k4
15c2h3
.
An accretion disc does not emit blackbody radiation with a single temperature.
The temperature at each position is determined by the particle’s kinetic energy.
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This energy decreases with the radius and thus also the temperature drops. The
radial dependence of the temperature for the accretion disc surface around a black
hole is defined by Shakura and Sunyaev (1973):
T (r) =
(
3GMM˙
8piσr3
[
1−
(rin
r
) 1
2
]) 14
, (42)
where G is the gravitational unit, M is the black hole mass, M˙ is the accretion rate,
r distance from the centre, and rin is the inner edge of the disc.
The total thermal emission from an accretion disc is the composition of contri-
bution from multiple radii with different surface temperatures, known as the mul-
ticolour blackbody emission. This multicolour blackbody was successfully applied
to thermal X-ray spectra of X-ray binaries (Mitsuda et al., 1984), confirming the
general validity of the temperature radial dependence given by eq. 42. More sensi-
tive X-ray data have later revealed deviation from the perfect black-body emission,
mostly caused by the Comptonisation of thermal photons in the upper layers of the
accretion disc (Czerny and Elvis, 1987; Ross et al., 1992; Shimura and Takahara,
1993). Taking into account the vertical structure of the disc leads to the spectral
hardening and the local specific flux is diluted blackbody emission:
Fν =
pi
f 4col
Bν(fcol, Teff), (43)
where Bν is the Planck function (eq. 37), Teff is the effective temperature, and fcol is
the hardening factor. The value of the hardening factor is a function of the accretion
rate and may vary depending on the accretion state (see, e.g. Davis et al., 2005).
The eq. 42 can be re-written to have an useful formula for estimating the tem-
perature of accretion discs around black hole with various mass or accretion rate in
terms of Eddington units:
T
(
r
rg
)
≈ 6.3× 105 K
(
M
108M
)− 1
4
(
M˙
M˙Edd
) 1
4 (
r
rg
)− 3
4
f(r), (44)
where rg is the gravitational radius (defined by eq. 6), M˙Edd ≈ LEdd/c2 is the
Eddington accretion rate (eq. 10), and f(r) =
[
1− ( rin
r
) 1
2
] 1
4
. For the same accretion
rate in Eddington units and the inner edge of the disc, the temperature scales with
mass as:
T ∝M− 14 . (45)
Note that eq. 45 is valid when the accretion rate is expressed in units of Eddington
values, otherwise the temperature would be T ≈M− 12M˙ 14 . However, for comparison
of accreting black holes of different mass but with similar Eddington ratio, eq. 45 is
the most useful and we can immediately estimate where should be the peak of AGN
thermal emission based on the knowledge of measured accretion disc temperatures
in X-ray spectra of XRB. The thermal emission of accretion discs in AGN thus peaks
in the UV range (T ≈ 105 K), while the temperature peak occurs at the soft X-ray
band for stellar-mass black holes in X-ray binaries (T ≈ 107 K).
The observed spectrum of AGN has indeed typically peak in the UV band, the
so-called Big Blue Bump (Richards et al., 2006). Some UV spectra of quasars can
be well fitted by the thermal disc emission (Czerny et al., 2011), but it is not the
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case in general (Elvis et al., 1994). The UV and especially the range between far-UV
and X-rays is heavily affected by the interstellar absorption, preventing astronomers
from a detailed study of spectral properties of the thermal accretion disc emission
in AGN.
Thermal bremsstrahlung radiation
Thermal bremsstrahlung is radiated in a hot plasma due to the Coulomb collisions
of the ions. The electrons are accelerated by the collisions to high velocities and
emit radiation that can escape the plasma if it is optically thin. Therefore, the AGN
corona produces not only up-scattered emission from the accretion disc but also its
own thermal emission. This is, however, very different from the thermal emission
of the blackbody emission of the optically-thick accretion disc and is, therefore,
sometimes wrongly referred to as a non-thermal component of AGN.
The temperature of the plasma is defined by the ion velocities, which have in
thermal equilibrium the Maxwell-Boltzmann distribution. The temperature is pro-
portional to the average kinetic energy of ions:
3
2
kT =
〈
1
2
mv2
〉
av
, (46)
where m and v are the ion mass and the thermal speed, respectively. In the thermal
equilibrium, the average kinetic energy is equal for ions and electrons. Therefore,
the ions can be considered stationary with respect to the fast moving electrons.
Different situations can happen in the collisions. The free-free transition happens
when the electron freely passes near the ion and is not kept. Such radiation yields
the continuum spectrum without lines, and is called the bremsstrahlung.
The radiated power per unit photon energy and per unit volume is given by:
free−free = 2
√
2
3pi
neniασT cZ
2Θ−1/2g(Θ, E)e−E/kT , (47)
where ni is the ion density, ne is the electron density, α is the fine structure constant,
Z is the effective charge of the ion, Θ ≡ kBT/mec2, and g is the so-called Gaunt
factor, which is a dimensionless quantity of order of 1 and slightly changes with the
spectral energy (frequency).
When the electron is captured by the ion and fills one of the ion vacancies, the
transition is free-bound and the continuum emission is associated also with spectral-
line emission corresponding to the transition. The process of free-bound transition
is called radiative recombination. How often the ionisation and recombination of
atoms is happening depends mainly on the plasma density but also on the nature of
equilibrium. More recombinations occur at the photoionisation equilibrium than in
the collisional ionisation equilibrium since the temperature at the photoionisation
equilibrium is lower for comparable ionisation.
Non-thermal AGN emission
The thermal emission of AGN accretion discs contributes mainly to UV, but AGN
are very bright X-ray sources as well and the thermal bremsstrahlung of the corona
is not sufficient to produce the observed X-ray intensity. The X-ray emission can
be, therefore, best explained by scattering of the thermal emission in the corona, as
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Figure 10: Left: a schematic picture of the main radiation components of an ac-
creting black hole: thermal radiation from the accretion disc, up-scattered in a hot
corona and reflection emission. Right: a schematic view of the inverse Compton
effect.
illustrated in Figure 10. The very high temperature causes that the electrons in the
corona possess very high velocities. Their kinetic energy is partly transported to the
low-energy photons scattering on the electrons, and the photons thus gains energy
and increase their frequencies. The resulting radiation dominates in X-rays, more
energetic than UV. This effect is known as the inverse Compton scattering,
and it can be easily shown that this effect is just due to the special-relativistic
transformation in relations for Compton scattering:
The initial and final energy of a photon can be written in the units of electron
rest energy:
ei =
hνi
mec2
, ef =
hνf
mec2
, (48)
where me is the mass of electron, h is the Planck constant, c is the speed of light
and νi, νf are the initial (before collision) and final (after collision) frequencies of
photon, respectively. Based on the law of energy and momentum conservation, the
final energy of photon after the Compton scattering, the final energy of the photon
is:
ef =
ei
1 + eiΛ
, (49)
where Λ = 1−cosϑ and ϑ being an angle between the direction of photon before and
after the collision. The final frequency of the photon can be obtained by multiplying
the equation (49) by factor mec
2:
νf =
mec
2νi
mec2 + hνiΛ
. (50)
The eq. 49 and 50 are valid for the electron rest frame. But now, let us assume
that the electron is in the relativistic regime with the Lorentz factor γ = 1√
1−v2/c2 =
1√
1−β2
, and rewrite the equation for Compton scattering in the laboratory frame.
We further denote laboratory frame by an index ”L” and the rest frame by an index
”R”. The final energy of the photon in the laboratory frame can be written as:
eLf = e
R
f γ
(
1 + βµRf
)
, (51)
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where µ = cosχ and χ is the angle between the direction of electron and photon
before the collision. Using eq. 49, we get:
eLf =
eRi
1 + eRi Λ
R
γ
(
1 + βµRf
)
(52)
Using transformations
1
γ
1
1− βµLf
= γ
(
1 + βµRf
)
and eRi = e
L
i γ
(
1− βµLi
)
, we get a
formula for the final energy of the photon in the laboratory frame as:
eLf = e
L
i
1− βµLi
1− βµLf
1
1 + eLi γ (1− βµLi ) ΛR
. (53)
Assuming photons with a low initial energy, so that the condition γeLi  1 is fulfilled,
the equation can be simplified to:
eLf ≈ eLi
1− βµLi
1− βµLf
, (54)
which can be rewritten to:
eLf ≈ eLi γ2
(
1− βµLf
) (
1 + βµRf
)
. (55)
From the last equation, it follows that the final energy of the photon in the laboratory
frame must be larger than the initial energy and lower than the product of the initial
energy and a factor of 4γ2 that is larger than 1 and is the higher the higher velocity
of electron is:
eLi . eLf . 4γ2eLi . (56)
Other source of the AGN non-thermal emission is the synchrotron emission
from the relativistic jets. The synchrotron emission comes from the accelerated
electrons in the magnetic field. Its power (in the observer’s frame) increases with
the second power of electron’s energy and magnetic-field intensity. Therefore, it is
strong especially in the black-hole jets where the electrons are highly relativistic (see
Chapter 3). This causes strong beaming effect and most of the energy is radiated
into a narrow beam. Therefore, the synchrotron emission is the most dominant
radiation component in blazars, i.e. in AGNs with strong jets pointing towards the
observer, while it is negligible for radio-quiet AGN. We refer to standard books,
Rybicki and Lightman (e.g., 1979), to read more about different mechanisms of
thermal and non-thermal radiation.
Another important component of the AGN emission is reprocessing of the pri-
mary radiation. This happens very close to the black hole in the accretion disc, as
it is illustrated in Fig. 10 (left panel), as well as at more distant structures, such
as AGN tori. The reprocessing at tori usually produce a large fraction of infrared
emission because the AGN radiation heats the dust there. The reflection at the
innermost disc is particularly interesting in the X-ray domain, because the repro-
cessed emission there can even overcome the primary radiation that is declining at
high energies. The most prominent features of the innermost X-ray reflecion are
the broad iron line and the Compton hump. These spectral features can be used to
derive the basic parameter of the central black hole, its angular momentum (spin),
as it is shown in the next chapter.
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Figure 11: A computer-generated image of a black hole accretion disk, as seen by a
distant observer at θinc = 80 degree inclination view angle (Bursa et al., 2007). A
black hole shadow develops in the central part of the image, surrounded by a set of
narrow rings of photons encircling the black hole along indirect, highly bent rays.
Strong-gravity effects in radiation signal from accretion disk
Accretion disks may be seen as axially symmetric and stationary at zero approxi-
mation, however, variety of non-axisymmetric perturbations are known to develop,
grow and influence their structure. This leads to fluctuating observed signal with
characteristic imprints of black hole’s strong gravity in continuum and spectral-lines
(Frank et al., 2002; Kato et al., 2008). Relativistic effects can be described within
the geometrical optics, where photons follow null geodesics towards a distant ob-
server. Radius of the emission site and the view angle (inclination) of the observer
with respect to the disk plane are the main parameters for the signal arising near the
inner edge, supplemented by the black-hole spin (Fabian et al., 2000; Karas et al.,
2018). These imprints can be characterized in several steps.
Each pixel within the detector plane determines corresponds to a photon ray
arriving from the source, namely, the accretion disk surface z ≡ z(R). Photon
trajectories are not straight lines in space, leading to a distorted image (Fig. 11).
Radiation intensity transforms from the local disk frame, IR(R, z(R); νR, µR), to the
observer’s (laboratory) frame, IL(R, z(R); νL, µL), and propagates to the detector
plane.
The gravitational field of the central object and the disk modify the shape of
spectral features coming from the disk (Cunningham, 1975, 1976; Laor, 1991); this
is apparent especially at high view angles and with fast-rotating black hole, where
photons experience large line-of-sight velocity and the radiation is produced mostly
at very small radii near the black hole. Finally, Laor and Netzer (1989) studied
continuum spectra produced by self-gravitating disks, whereas Karas et al. (1995)
and Usui et al. (1998) calculated the predicted profiles of spectral lines within the
framework of exact general-relativistic solutions. These approaches give an improved
(consistent) picture where the matter of the accretion flow generates radiation and,
at the same time, the accretion disc mass modifies its internal structure and acts
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back on the emerging photon rays as they travel toward the observer.
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Figure 12: Left panel: contour lines of three governing functions in the equatorial
disk plane (r, φ) that determine effects of strong gravity of the central black hole onto
observed radiation from a Keplerian disk: (i) the overall (Doppler and gravitational)
energy shift g(R, φ) (red); (ii) local emission angle (in degrees) with respect to
disk, affected by the relativistic aberration (green); (iii) time-delay (in geometrized
units) due to light travel time from the disk plane to the distant observer located
at large radius. Parameters of the plot: view angle θinc = 60 deg, spin a/M = 0
(Schwarzschild black hole – the black circle). The grid extends up to 70GM•/c2;
ISCO radius Rms = 6GM•/c2 (yellow circle). Right panel: the resulting (computed)
profiles of the relativistic spectral line. Effect of the overall broadening and skewness
are apparent (more profoundly for edge-on view angles). Different power-law radial
profiles of the intrinsic emissivity J(r) ∝ r−n have been laid on the accretion disk
with several view angles µ ≡ cos θinc. Energy on the horizontal axis is normalized to
the line intrinsic energy; the radiation flux on the vertical axis is in arbitrary units.
For a direct comparison with previous papers we selected the case of a rapidly
rotating Kerr black hole a/M = 0.998 and an accretion disk extending from the
innermost stable circular orbit (ISCO; other parameter as in Laor, 1991).
In order to reveal the spectral profile, we calculate the total observed flux of
radiation by collecting photons,
F L(νL)|θ=θobs =
∫
(Over observer’s plane)
IL(νL)|R→∞,θ=θobs dS. (57)
A typical double-horn skewed profile arises in the observed spectral line (Fabian
et al., 1989; Martocchia and Matt, 1996; Martocchia et al., 2000).
Doppler factor, g ≡ g(r; a/M, θinc) ≡ 1 + z = Eobs/Eem, characterizes the
redshift function z between the emitted (subsript “”em”) and observed (“obs”) of
photons originating at different sides of the source (increase of the energy at the
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approaching side, and vice versa at the receding side of the disk). This relates to
the change of radiation intensity by the corresponding factor g3. The effect tends
to enlarge the width of spectral features and to enhance the observed flux at its
high-energy tail. In addition to the special-relativity effect, the overall gravitational
redshift of General Relativity contributes to g-factor and affects mainly photons
coming from the inner parts of the source in the deep potential well. Finally, the
gravitational lensing enhances the emerging flux from the far side, i.e., the section
of the accretion disk at the upper conjunction with the black hole; this leads to
enhancement of the observed flux around the centroid energy (see Fig. 12).
Let us remind the reader that the central (Kerr) black hole is assumed to be the
only source of gravitational field in and there are no secondary bodies influencing
gravitationally the inner disc. This may not be true in the case of binary SMBHs
that can warp the disc; furthermore, an alternative description of gravity, if viable,
could modify the standard picture described here.
Light rays of geometrical optic approximation are determined by Maxwell’s equa-
tions for the electromagnetic field tensor. In the vacuum we can write
F µν;ν = 0,
?F µν;ν = 0, (58)
where the asterisk denotes a dual tensor. The associated electric field components
are projections onto observer’s four-velocity, Eα = Fαβuβ, and an electromagnetic
wave is defined as a solution of the form
Fαβ = <e
[
uαβ e
=ψ(x)] . (59)
Two scales are introduced at this point. The phase ψ(x) is a a rapidly varying
function, while the amplitudes uαβ vary slowly. We can thus define a wave vector,
kα ≡ ψ,α, which obeys parallel transported along the null geodesics, kα;β kβ = 0,
kαk
α = 0. The propagation law in the empty curved spacetime thus reads (Ehlers,
1967; Ellis, 1971)
DFαβ − 2θFαβ = 0, (60)
where θ ≡ −1
2
kα;α describes the expansion of null congruences, D ≡ uα∇α. Su-
perposition of the above-described influences is modeled and explained with Figs.
13–14, where we show the dependence of the predicted profiles on the parameters
in comparison with simulations in the original works (Laor, 1991; Kojima, 1991;
Karas et al., 1992); we notice an excellent agreement and give the values that can
be useful especially for tests of new numerical codes. Furthermore, in Fig. 15 we
show a dynamical spectrum expected to be seen from an orbiting spot (i.e., a fea-
ture of enhanced emission on the accretion disk surface); time resolution offers a
significant improvement to constrain the line-producing region but the observation
requires much longer duration and sensitivity to capture enough photons.
Let us make an obvious but important remark, notably, that the above-mentioned
idealized scheme must become more complex in realistic astrophysical circumstances.
This leads to additional degrees of freedom of the system and causes some kind of
degeneracy between parameters (they cannot be constrained in a unique way, in-
stead, the best-fit procedure can find during the minimization process different local
minims). Hence, one needs more accurate observations and improved signal-to-noise
resolution in order to constrain the models. This complication is demonstrated in
Fig. 16, where we plot exemplary profiles of a spectral line influenced by addi-
tional diverse effects, including the self-gravity, which have been ignored in previous
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Figure 13: Explaining the formation of relativistic spectral line profiles originating
from a range of radii within a geometrically thin, planar, Keplerian accretion disk
that resides in the equatorial plane of a moderately spinning Kerr black hole (a/M• =
0.4). Left panel: An intrinsically the line has a narrow (δ-type) profile at the rest
energy 6.4 keV. The composite profile (black) consists of contributions from four
azimuthal segments in the disk, as indicated by different components and described
in the figure legend. The approaching side of the disk creates the amplified high-
energy wing (blue), whereas the receding part is weaker and shifted toward the less
energetic part of the spectrum (red). Right panel: Examples of the line profile
broadening that arises from different radii and observer inclinations, as indicated
within the plot.
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Figure 14: The dependence on the black hole spin and the inclination angle for the
predicted profiles from a ring extending between (6–10)GM/c2 (other parameters
as in Kojima, 1991).
models (Usui et al., 1998). Likewise, a geometrically thick (flaring) vertical profile
of the accretion disk surface and/or the presence of warps need to be taken into
account especially at higher luminosity (Cˇadezˇ et al., 2003; Taylor and Reynolds,
2018), but these have been neglected in the past mainly for the sake of simplicity of
calculations.
In the presence of a refractive and dispersive media the approach of relativis-
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Figure 15: A time-dependent model spectrum produced by a non-axisymmetric
pattern (spiral wave) orbiting within a black hole accretion disk. Left panel shows
the predicted radiation as detected by a distant observer (moderate inclination angle
θinc = 50 deg). The energy-integrated light curve and time-integrated spectrum
are shown as projections of the full dynamical spectrum. In a typical situation
of an AGN accretion disc, and especially for small radii and intermediate to large
inclination angles, most of the line emission arises from only a small fraction of
the orbit. Right panel: observed energy of the spectral line vs. orbital phase of the
pattern. The colour scale of the diagram encodes different levels of the observed flux
(red corresponding to the maximum enhancement, blue the minimum flux; Karas
2006). This can be compared with an early evidence in Iwasawa et al. (2004).
tic geometric optics in curved spacetimes was extended by Anderson and Spiegel
(1975) and Bicˇa´k and Hadrava (1975) and implemented numerically for practical
computations (e.g. Pihajoki et al., 2018). The effects of gravitational lensing in
the curved spacetimes combine with refraction as light rays propagate through the
medium. Kinch et al. (2016) have matched general relativistic magnetohydrody-
namic (GRMHD) simulations with a Monte Carlo radiation transport code; this
allows the authors to determine the X-ray flux irradiating the disk surface and the
coronal electron temperature self-consistently, leading to self-consistent predictions
for the relativistic Fe Kα spectral profiles. Having in mind the applications to
present-day X-ray observations, the energy shifts, gravitational lensing and time
delays are the principal effects which originate from general relativity and can be
currently tested with data that are in our disposal. Polarimetric information is more
complete (Rees, 1975) and the relevant technology is available, however, it reaches
beyond capabilities of present observational instruments available in the orbit (Bel-
lazzini et al., 2010).
Relativistic polarization tensor is defined Jαβγδ ≡ 12〈FαβFγδ〉, and its projections
Jαβ = Jαβγδ u
γ uδ = 〈EαE¯β〉 are introduced. Four parameters SA are then given
by S
A
≡ 1
2
(kαu
α)2F
A
, where F
A
(A = 0, . . . 3) are constructed by projecting the
polarization tensor (Anile and Breuer, 1974). These quantities satisfy the relations
Jαβu
β = 0, Jαβk
β = 0, ω = uαk
α and can be connected with the traditional definition
of the Stokes parameters (Born and Wolf, 1959; Chandrasekhar, 1960).
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Figure 16: Examples of synthetic emission-line profiles from an accretion disk, taking
into account variety relativistic effects (Doppler and gravitational shift of frequency,
lensing of the observed radiation flux due to gravity of the central black hole) and
self-gravity of the accretion disk. The latter influence should be taken into account
in realistic models of AGN spectra because it must be inevitably present. The disk
material orbits at speed that is different from the Keplerian velocity due to self-
gravity of the disk matter. Different curves illustrate effects of the black-hole rotation
a/M•, observer’s inclination θinc, and different disk models (typically, Mdisk/M• ≈
10−2). The inclination angle varies over different panels from a small value (pole-on
view – top left, narrow line) up to θinc ' 80 deg (almost edge-on view – bottom
right, relativistically broadened and skewed profiles). In each panel, contributions
from different radial regions of the disk are indicated by different line styles, while
the total flux from the entire disk is plotted by the solid line (background subtracted
and normalized to the maximum). Figure adapted from Karas et al. (1995).
The normalized Stokes parameters are defined s1 ≡ S1/S0, s2 ≡ S2/S0, and
s3 ≡ S3/S0. The degree of linear and of circular polarization is Πl =
√
s21 + s
2
2,
Πc = |s3|, and the total degree of polarization Π =
√
Π2l + Π
2
c . By propagation
through an arbitrary, curved (but empty) space-time, the radiation flux obeys the
relation, F
A, em
dSem = FA, obs dSobs from which the redshift z at the point of emission
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is related with the redshift at a distant observer,
1 + z =
(kαuα)em
(kαuα)obs
, S
A
=
k
A
(1 + z)2dS
. (61)
For example, in the case of a thin rotating disc near Kerr black hole, the redshift
factor z and the local emission angle ϑ are given by
1 + z =
r3/2 − 3r1/2 + 2a
r3/2 + a− ξ , cosϑ =
gη1/2
r
; (62)
ξ and η are constants of motion.
The gravitational field is described by the metric components (Misner et al.,
1973)
ds2 = −∆
Σ
(
dt− a sin2 θ dφ
)2
+
Σ
∆
dr2 + Σ dθ2 +
sin2 θ
Σ
[
a dt−(r2 + a2) dφ]2 (63)
in Boyer-Lindquist spheroidal coordinates, where ∆(r) and Σ(r, θ) are known func-
tions. The horizon occurs at ∆(r) = 0. Assuming sub-maximal rotation, |a| ≤ 1,
the outer radius is found at the dimension-less radius r = 1+(1−a2)1/2 and it hides
the singularity from a distant observer. As a purely GR effect, as soon as a 6= 0 all
particles and photons are dragged by rotation of the black hole (the frame-dragging
effect).
Eq. (61) shows that the polarization properties of the disc emission are modified
by the photon propagation. As the reflecting medium has a disc-like geometry, a
substantial amount of linear polarization is expected because of Compton scatter-
ing. In order to compute the observable characteristics (i.e., different polarization
modes), one has to combine the reflected component with the primary continuum.
The polarization degree of the resulting signal depends on the mutual proportion
of the different components. Future X-ray satellites will be essential to study GR
in the neighbourhood of accreting black holes with outstanding precision, including
the polarimetric information.
It is worth noting that the precise shape and variability of spectral features re-
flects the intrinsic microphysics of the emitting medium and parameters of the black
hole (spin), but it also depends on the gravitation theory that determines the photon
propagation. Therefore, this opens a promising way toward verifying (or rejecting)
the predictions of Einstein’s theory vs. alternative viable theories (for reviews, see
Clifton et al., 2012; Will, 2014). It has been proposed that the detailed features in
radiation spectra from accreting black holes and the morphological features shaping
the black hole shadows bear tiny signatures that could reveal departures from Gen-
eral Relativity (Johannsen and Psaltis, 2013; Baker et al., 2015; Bambi et al., 2017,
and further references cited therein), although the effects are far too small to be
seen at the available resolution of present-day data. In this context an exciting new
avenue has been recently opened with the prospects to apply the currently available
advanced technology of X-ray polarimetry during the forthcoming decade (Zhang
et al., 2016; Weisskopf et al., 2016; Soffitta et al., 2016; Krawczynski et al., 2016).
2.2 X-ray reprocessing and physics of the X-ray coronae
The X-ray emission produced in AGN is widely accepted to originate via the inverse
Compton scattering of thermal UV photons that are scattered in a hot plasma con-
sisting of relativistically moving particles (Shapiro et al., 1976; Haardt and Maraschi,
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1991; Haardt et al., 1994). Such spectrum can be described as a power law from
the range ≈ 3 kTbb to kTe (Sunyaev and Titarchuk, 1980), where kTbb is thermal
black-body emission from the accretion disc and kTe is the electron temperature of
the corona. For typical parameters of an AGN super-massive black hole, this range
corresponds to energies from a few tens of eV up to a hundred of keV.
It was originally proposed that the AGN corona can originate due to vertically
transported heat from the accretion disc by convection (Bisnovatyi-Kogan and Blin-
nikov, 1977; Liang and Price, 1977) or in magnetically confined loop-like structures
similar to the observed structure of the solar corona (Galeev et al., 1979). The major
difference between the solar and AGN corona consists in the amount of power that
can be released into radiation. While the solar corona contributes to the total flux
by less than one percent, the contribution of the X-ray corona in AGN can be any
depending on the exact physical and geometrical conditions. The fraction of the
corona emission mainly depends on the accretion state that is determined by the
accretion rate. Low-accreting sources are accompanied with much stronger corona
than highly accreting sources, as seen mainly from the spectral-hardness changes
observed in accreting stellar-mass black holes in X-ray binaries (Meyer et al., 2000;
Remillard and McClintock, 2006). But the similar trend is also observed for AGN.
The ratio between the optical and X-ray flux, the αox parameter, increases with
the UV luminosity (Steffen et al., 2006; Lusso et al., 2010; Meyer-Hofmeister et al.,
2017).
Nature and geometry of the X-ray corona
Despite large theoretical and observational attempts in the last decades, the basic
questions about the nature and geometry of the corona still remain open. Different
heating mechanisms have been proposed from convection of the heat through accre-
tion disc surface to include magnetic reconnection and flares that instantaneously
heat the corona. From different considered heating mechanisms, different geometries
have been proposed. The corona might be extended, “sandwiching” the disc like its
ionised plane-parallel atmosphere (Liang and Price, 1977; Haardt and Maraschi,
1991; Zycki et al., 1995; Ro´z˙an´ska et al., 1999; Ro´z˙aN´ska and Czerny, 2000; Liu
et al., 2002a; Malzac et al., 2005), or “patchy”, related with the single flares due to
magnetic reconnection (Galeev et al., 1979; Di Matteo, 1998; Czerny et al., 2004).
Even for the sandwich-structured (also often called as two-phase corona), the impor-
tance of the magnetic dissipation of energy as the heating mechanism was noticed
(Shibata et al., 1990; Di Matteo et al., 1997; Liu et al., 2002b).
Another often considered geometry of the corona is so-called “lamp-post” model
(Matt et al., 1991; Martocchia and Matt, 1996; Dovcˇiak et al., 2014; Niedz´wiecki
et al., 2016). This model approximates the corona to be a point-like source above a
black hole on its rotational axis. The advantage of this setup is mainly the simplicity
of the model that can be used for calculating the spectral shape of the primary as
well as reflected radiation from black hole accretion disc. Thus, it can be easily used
for fitting the observed X-ray spectra (Dovcˇiak et al., 2004; Dauser et al., 2016),
on contrary to e.g. a patchy corona where many additional parameters would be
present. The physical motivation of such model is that it can well approximate
a base of the jet (Markoff et al., 2005) or a collision of shocks in an aborted jet
(Ghisellini et al., 2004), or simply a very compact corona.
The high compactness of the X-ray corona is suggested from X-ray observations.
The first indication came from measuring steep radial-emissivity profiles of X-ray re-
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flection spectra of several AGN, such as MCG -6-30-15 (Fabian et al., 2002; Vaughan
and Fabian, 2004; Miniutti et al., 2007), 1H0707-495 (Fabian et al., 2009; Zoghbi
et al., 2010; Wilkins and Fabian, 2011; Dauser et al., 2012), IRAS 13224-3809 (Ponti
et al., 2010a), and Mrk 335 (Wilkins and Gallo, 2015), as well as X-ray black hole
binaries, such as XTE J1650-500 (Miniutti et al., 2004), GX 339-4 (Miller, 2007),
and Cyg X-1 (Fabian et al., 2012). The measured indices reach values up to q ≈ 7,
which can be hardly explained without requiring a compact X-ray source (Svoboda
et al., 2012; Dauser et al., 2013; Dovcˇiak et al., 2014). Another independent indi-
cation of high compactness of the corona comes from the gravitational microlensing
of quasars. Recent results from monitoring observations of lensed quasars (Chartas
et al., 2015) showed that the X-ray corona can indeed be as small as 30 rg. In
some cases, such as RXJ 1131-1231, the region producing the X-ray continuum is
suggested to be even smaller, about ∼ 10rg (Dai et al., 2010).
Nevertheless, any realistic corona cannot be obviously just a point-like source,
but has to have some spatial extension. Dovcˇiak and Done (2016) have investigated
the minimum size of the corona to be still able to up-scatter enough photons to
produce the observed level of Comptonised emission. The authors found that any
plausible corona has to be at least a few gravitational radii in size and showed that
some extreme cases of low height measurements, such as h < 3 rg in 1H0707-495
(Dauser et al., 2012), would require large super-Eddington intrinsic flux. Therefore,
a strict lamp-post scenario of the corona with no spatial extension needs to be
considered only as an approximation that allows us to make rough ideas of the
corona compactness and how important could be the relativistic effects in spectra,
such as light bending, gravitational redshift and aberration (Miniutti and Fabian,
2004; Dovcˇiak et al., 2014).
Moreover, if the corona represents the base of the jet, also the kinematic proper-
ties of the corona would affect the resulting X-ray spectrum including the reflection
component (Fukumura and Kazanas, 2007; Dauser et al., 2013). Dynamic spatially
extended corona was studied by Wilkins and Gallo (2015) who reported a dynamic
evolution of the corona in a Seyfert I galaxy Mrk 335. The changes in flux, power-
law photon index and reflection emissivity profiles were explained by changes of an
X-ray primary source from an extended flat corona to a vertically collimated struc-
ture during high-flux states and finally to a compact region (explained as a failed
aborted jet) during low-flux states when the flux dropped by an order of magnitude.
Such low-flux states are not explained due to a sudden decrease of seed thermal
photons (e.g. by a rapid drop of the accretion rate) but rather in the context of the
light-bending scenario where a large fraction of radiation is captured by a black hole
or bended from the direction towards the observer when corona gets too close to a
black hole (Miniutti and Fabian, 2004; Dauser et al., 2014).
On the other hand, when the low-flux state is due to the low accretion rate and
lack of the thermal seed photons, a large extended corona can be built on top of the
accretion disc. Such geometry is often called as “two-phase” or “two-temperature”
accretion flow (Haardt and Maraschi, 1991; Liu et al., 2002a) where the cold phase
is the accretion disc and the corona represents a hot accretion flow. If the accretion
rate drops below a certain value, the accretion disc may evaporate and the whole
accretion flow is then via the coronal hot flow (Liu et al., 1999). Such accretion flow
is advection-dominated (ADAF) and radiatively inefficient (Narayan and Yi, 1994).
Observationally, it corresponds to a low-hard state in X-ray binaries when the X-ray
spectrum is hard and the thermal emission is diminished.
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In the two-phase accretion flow, when the disc becomes luminous, many photons
are Comptonised in the corona, which implies cooling of the hot flow and thus
significant weakening of the X-ray emission from the corona (Meyer-Hofmeister et al.,
2012). Therefore, the Compton cooling prevents ADAF-like coronae to exist in high-
luminosity states, which also naturally explains the observational fact that the large
powerful coronae are not present in high-accreting sources (Meyer-Hofmeister et al.,
2017).
The ADAF-like coronae are geometrically thick and optically thin. However, a
two-temperature accretion flow may still exist when the heating mechanism is via
magnetic dissipation through thin active regions on the thin disc (Di Matteo et al.,
1997). Most of the magnetic energy is acquired by protons that transfer the energy
via Coulomb collisions to electrons and compensate the energy losses due to cooling
via inverse Comptonisation of photons. Such model would allow the existence of a
plane-parallel corona above the accretion disc in standard AGN. The Comptonising
effects of the corona do not apply only to the thermal emission but also to the X-ray
reflection (Wilkins and Gallo, 2015; Steiner et al., 2017).
Measurements of the X-ray corona temperature
The main physical characteristics of the corona is its temperature. From the virial
theorem, the temperature of particles near black holes can be expressed as:
kTvir =
GMBHm
r
≈ mc
2
r/rg
, (64)
and thus it does not depend on the black hole mass but only the mass of the particles.
The proton temperature is of order of a few MeV, while the electron temperature is
Tvir ≈ 25(r/10rg)−1 keV. The radiation is produced mainly by scattering on electrons
and thus the electron temperature determines the resulting spectrum. The X-ray
power law is exponentially decreasing as:
A(E) = KE−Γe(−E/Ec), (65)
where Γ is the power-law photon index and Ec is the high-energy cutoff. The high-
energy cutoff is related to the electron temperature as:
Ec ≈ 2− 3 kTe, (66)
where the lower value is appropriate for the optical depth τ ≤ 1, while the higher
value is for τ  1 (Petrucci et al., 2001). The optical depth can be determined from
the electron temperature and the measured photon index Γ.
The advancement of hard X-ray detectors onboard NuSTAR space mission (Har-
rison et al., 2013) lead to the first precise measurements of high-energy cutoffs in
AGN (Fabian et al., 2015). The authors conclude that AGN coronae are hot and
radiatively compact and the pair production and annihilation play important role
in forming the spectral shape.
Relativistic effects on the cutoff energy measurements
In previous chapters, we discussed the relation between the spectral high-energy
cutoff and the corona temperature. Observationally constrained cutoff energies can
thus determine the physical nature of the corona. However, such measurements can
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be strongly affected by relativistic effects, namely by the gravitational redshift when
the corona is compact, or by the Doppler shift when the corona is highly rotating,
or by the combination of both.
The relativistic redshift of the high-energy cutoffs were first considered by Fabian
et al. (2015) who employed the geometry of the corona from the lamp-post height
constrained by the reflection models of soft excess, iron line and the Compton hump.
The energy shift of the emission from a point on the black-hole rotational axis at a
given height h from the centre can be calculated as:
g ≡ Eobserved/Eintrinsic =
√
h2 − 2h+ a2
h2 + a2
. (67)
The observed power-law emission with a high energy cutoff has the form:
Fobs = NE
−Γ exp
(
g
−E
Eicut
)
. (68)
The lamp-post corona represent, however, a static and dimensionless model. Tam-
borra et al. (2018) considered also the other extreme case - a flat disc co-rotating
corona, and noted that a realistic corona should be something in between. In such
geometry, the energy shift g is not a single value but is an integrated value over
the corona extent. Tamborra et al. (2018) showed that the resulting profile of the
corona emission can still be approximated by eq. 68 with a g-factor being not a
precise value but the fit of the intrinsic integrated emission by a model defined by
eq. 68. Such g-factor is shown in Figure 17 for different considered cases.
The energy shift of the cutoff energy in the disc co-rotating corona model is a
function of an outer radius of such corona. If the corona is compact and the outer
radius is within a few gravitational radii, then similarly to the lamp-post model, the
cutoff energy is more redshifted the more compact the corona is. However, the energy
shift in the disc co-rotating corona model strongly depends also on inclination, as
it is shown in Figure 17. When compared to the lamp-post model (black solid line
in the plot), the larger redshift is obtained for inclinations lower than 30 degrees,
and vice versa for higher inclinations. The higher redshift is mainly caused by
integration of the corona emission down to the innermost stable circular orbit, but
also the transverse Doppler shift contributes to the total redshift in the low-inclined
systems. On the other hand, the Doppler boosting of emission coming from the
matter moving rapidly towards the observer dominates for highly-inclined systems.
As a consequence, the measured cutoff energy may become even blueshifted for
inclinations as large as 80 deg.
3 Processes relevant for outflows and jets
3.1 Strong-gravity effects and electromagnetic fields
The electromagnetic field is governed by Maxwell’s equations, the set of first-order
differential equations for the electric and magnetic intensity vectors. When ex-
pressed in the equivalent (perhaps more elegant) four-dimensional tensorial formal-
ism, the mutually coupled equations can be unified; the electric and the magnetic
field components are then comprised in a single quantity. The latter approach is
particularly useful in the framework of Special Theory of Relativity. Whichever of
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Figure 17: The energy-shift factor plotted as function of an outer radius of a flat
disc-like rotating corona, emitting a cutoff-powerlaw (Γ = 2) spectrum, for various
inclination angles, assuming constant emissivity for extreme Kerr and Schwarzschild
BH (solid and dashed lines, respectively) and a r−3 emissivity profile for the case
of the disc-corona around Kerr BH (dotted lines). The black solid line shows the
energy-shift factor in the case of the lamp-post geometry (in this case, the rout values
on x-axis correspond to the height). Adapted from Tamborra et al. (2018, picture
credit: M. Dovcˇiak).
the two equivalent formulations is preferred, one has to tackle differential equations
and, therefore, the appropriate initial and boundary conditions must be specified in
order to fully determine the structure of the field. As the original literature, review
articles and textbooks are numerous on the subject of astrophysical applications of
magnetized plasmas embedded in combined, mutually interacting gravitational and
electromagnetic fields (e.g. Melrose, 1980; Meier, 2012) we will add to this the con-
text of idealized analytical solutions that allow us to gain some additional insight
into physical mechanisms.
Cosmic environment is often ionized and the local electric field component is thus
efficiently neutralized in the frame comoving with the highly conducting medium
(force-free approximation). On the other hand, magnetic fields are abundant through-
out the interstellar and intergalactic space and their intensity can grow to enormous
magnitude especially near rotating compact stars and pulsars (Beskin et al., 2016).
Maxwell’s equations are not directly coupled with Newton’s gravitational law;
one could thus conclude that there is no immediate relation between the electro-
magnetic field of the body and its gravitational influence. Not so in General Theory
Relativity. Energy density of the electromagnetic field, as of any other field, stands
explicitly in Einstein’s equations for the spacetime structure, contributing as a source
of the gravitational field. Einstein’s and Maxwell’s equations must be thus consid-
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ered simultaneously and this makes the whole system of equations difficult to solve in
full generality. Fortunately, the energy density contained in realistic electromagnetic
fields turns out to be far too low to influence the spacetime noticeably. Test-field
solutions are adequate and accurate enough under such circumstances. Here, by
test-field solutions one means the solution of Maxwell’s equations in a fixed (albeit
generally curved) spacetime, whose structure can be pre-determined by solving Ein-
stein’s equations with no electromagnetic terms present. Maxwell’s equations are
solved afterwards and, by assumption, they have zero impact on the gravitational
field. This is also an approximation which we will adopt to start our discussion,
but we will abandon it later to see the difference and understand the interaction
between Einstein-Maxwell fields.
We first assume the spacetime of a rotating black hole (Kerr metric; see Mis-
ner et al. (1973)). Different arguments can be put forward to demonstrate that
magnetohydrodynamic effects often dominate the behaviour of cosmic plasma and
must be taken into account even very close to the black hole event horizon. On
the other hand, in the immediate vicinity of the black hole, in particular within the
ergosphere of a fast rotating black hole, the gravitational effects must eventually
prevail. Also near compact stars the gravitational terms cannot be ignored, and so
the general-relativity MHD has to be employed. Here we will confine ourselves to
the basic arguments in circumstances where gravitational effects cannot be ignored.
The main intention is to describe the assumptions and to suggest selected references
that would help entering the complex subject. We will start with axially symmetric
and stationary flows, so that the system is further simplified by the presence of the
additional symmetries.
The aim of this chapter is to outline the basic equations governing the coupled
Einstein-Maxwell field and to mention different limits: the electro-vacuum case vs.
MHD case with plasma connected to the evolving magnetic field; and test (weak)
electromagnetic fields vs. exact solutions of the full set, where the energy density
of the electromagnetic component contributes to the space-time curvature. We will
also mention the generating techniques that have been developed in order to find
new solutions. These approaches have been found particularly useful in adding the
magnetic terms (“magnetizing”) to originally unmagnetized black-holes and to reveal
the impact of mutual interaction of Einstein-Maxwell fields. Indeed, this interplay is
interesting and non-trivial: asymptotical flatness is lost, singularities develop even
outside the event horizon, solutions change their topological classification, etc. We
will give references to selected useful works but the limited space does not allow
us to present a complete overview; we do not aim to give a comprehensive list
of the literature. An extensive pedagogical exposition can be found in textbooks
(Camenzind, 2007; Punsly, 2001; Rezzolla and Zanotti, 2013).
Let us note that the influence of large-scale magnetic fields upon the space-time
metric can be characterized by dimensionless parameter β = B0M , where B0 is the
field strength and M is the mass of the object in geometrized units. Considering the
above-mentioned limit on the field strength near a one solar-mass compact body, we
obtain β ≈ 10−5B15(M/M)  1, where B15 = B0/(1015G). Such magnetic terms
contribute very substantially to the spacetime metric on spatial scales of r ≈ β−1
which in physical units, corresponds to the length-scale of ≈ 105 km. In the case of
intergalactic fields the magnetic intensity is small, typically below 1µG, but near
the supermassive black hole the fields frozen into accreting plasma become amplified
by many orders. Specifying M = 109M and B0 = 104 G we have β = 10−7 and the
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critical length-scale is r ' 106Rg. Let us note that the transformation to physical
units is achieved by relations M = GMphys/c
2 for the mass and B0 = G
1/2Bphys/c
2
for the magnetic field parameter.
Historically, the field of astrophysical MHD has been covered in textbooks and
review articles; see, e.g., Cowling (1976); Melrose (1980); Zeldovich (1983); Lynden-
Bell (1994). The applications range from solar physics to accretion discs in galactic
nuclei; in our context, the original motivation comes from the studies of particle ac-
celeration near neutron stars where strong electromagnetic fields and inertial effects
are present (Pacini, 1968; Goldreich and Julian, 1969; Michel, 1982), and where the
strength of the magnetic intensity is maintained and further enhanced by accretion.
Magnetic fields can be amplified by the dynamo action in the disk (Balbus and
Hawley (1992); Krause et al. (1993); Balbus (2003)).
The set of coupled Maxwell’s and Euler’s equations are the essential prerequisites
to start with in the classical framework of non-vacuum equations. We can follow a
highly simplified exposition with
∇×B = 4pi
c
j +
1
c
∂D
∂t
, ∇ ·B = 0, (69)
∇× E = −1
c
∂B
∂t
, ∇ · E = 4piρe (70)
with ρe and j being density of all electric charges and currents (e.g., Karas (2005)).
Euler’s equation adopts the appropriate form:
ρ
∂v
∂t
+ ρv.∇v = −∇P + f (71)
with
f = fL + f g = ρeE + c
−1j ×B − ρg (72)
being the Lorentz and gravitational terms, respectively. Mainly for the sake of
simplification the assumptions about axial symmetry and stationarity are imposed.
Although the general relativity effects have not been taken into account, a straight-
forward reformulation is possible in which the form of the field equations remains
almost identical even if strong gravitational fields are present (3+1 formalism; Mac-
Donald and Thorne, 1982; Thorne et al., 1986).
The primary distinction between the models with and without a black hole con-
sists in different boundary conditions imposed upon the electromagnetic field, which
threads the black hole horizon. The relevant Maxwell equations describing the field
outside the black hole horizon can be solved by introducing appropriate imaginary
currents flowing on the surface of the horizon. These are defined in such a way that
the boundary conditions are satisfied. Currents flowing along the field lines can thus
close a circuit and the energy extraction is then described in an analogous way as
in our previous discussion of magnetized disks or as in the theory of pulsar emission
(Blandford, 1976; Camenzind, 1986a).
Let us first employ the three-vector formalism in the classical form. The above-
given equations can be simplified by assuming the force-free approximation,
ρeE + c
−1j ×B = 0. (73)
The physical interpretation and consequences of the above relation require a thor-
ough discussion. Equation (73) tells us that inertia of the material is neglected. In
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other words, the influence of the Lorentz force acting on plasma in the comoving
frame gets neutralized immediately by induced electric currents; perfect conductiv-
ity is thus assumed. A dimension-less condition for the validity of the force-free
approximation is ρΓv2/B2  1. This corresponds to a similar assumption of ideal
MHD,
E′ ≡ E + c−1 v ×B = 0; (74)
where E′ is the electric field in the local system attached to plasma, and the two
forms become equivalent if the current density is proportional to the velocity of the
medium, j = ρev. A more general formula for the current density that still satisfies
the force-free assumption (73) has a form j = ρev + µB; µ is a scalar function to
be determined. Both the force-free and the perfect MHD fields are degenerate, i.e.
E ·B = 0. The approximation of ideal MHD can be understood as an assumption
about perfect electric conductivity of the material. Substituting
j = σE′ (75)
for the vector of electric field from Ohm’s law (σ designates specific conductivity of
the medium) and assuming perfect conductivity (σ →∞), we find
∇× (v ×B) = ∂B
∂t
. (76)
Equation (76) expresses the freezing of the magnetic field in plasma material. The
reason for this denomination is evident upon realizing that the magnetic flux across
an imaginary loop ` flowing together with the medium can be written as a sum of
two terms, the first one being determined by motion of the loop,∫
S
∇× (v ×B)·dS =
∮
`
(v ×B) ·d` = −
∮
`
B·(v×d`). (77)
The term ∂B/∂t on the right-hand side of (76) corresponds to the change of the
magnetic flux due to the explicit time-dependence of B,∫
S
∂B
∂t
· dS. (78)
Equation (76) thus expresses the fact that the magnetic flux across any arbitrary
closed loop remains constant. As we have seen before, one can also understand this
equation as a condition for the electric field to vanish in the rest frame of plasma.
Now we can examine the basic relations valid of axially symmetric magnetohy-
drodynamic equilibrium configurations under forces of (weak) gravity. The relevant
equations are capable of describing, for example, magnetospheres and collimated
outflows from aligned rotators and magnetized accretion disks, as derived in detail
by Camenzind (1986a) and Lovelace et al. (1986). To remind the reader about
the assumption, we adopt the axial symmetry and stationarity: we set ∂/∂φ = 0,
∂/∂t = 0 in all formulae. Starting equations are the mass conservation law (the con-
tinuity equation); the momentum conservation law (Euler equation, supplemented
by the relation for the external force f = 1
c
j ×B − ρg, where we assume an elec-
trically neutral plasma, ρe = 0); and Maxwell’s equations with the perfect MHD
constraint. The gravitational acceleration g is linked to density via the Poisson
equation, ∇2Φ = 4piGρ, and, finally, it has to be supplemented by the first law of
thermodynamics and the equation of state to close the set of equations.
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It follows from Faraday’s law together with the conditions of axial symmetry and
stationarity (∇× E = 0) that the toroidal part ET of electric field vanishes,
E2φ = ET·ET = 0. (79)
The condition of perfect MHD implies the relation for the poloidal flow velocity
vP = ξBP, (80)
where ξ(R, z) is a (yet undetermined) scalar function. It is advantageous at this
point to introduce into the Maxwell equations the vector potential A and the scalar
magnetic flux function, Ψ(R, z) ≡ RAφ. Components of BP in terms of Ψ read
BR = −Ψ,z/R, Bz = Ψ,R/R, where the coma denotes partial differentiation. It is
now evident from equation (80) that
4piρξ = F1(Ψ), (81)
where F1(Ψ) is an arbitrary function to be specified by the boundary conditions
and symmetries of the required solution. (We have applied the Maxwell equation
∇ ·B = ∇ ·BP = 0, and the continuity equation.) We will see that there is a
set of such functions of Ψ that determine a specific solution. Each function can be
identified with some conserved quantity (derivation of F1 utilizes the mass conserva-
tion equation). The existence of flux functions, which remain constant on magnetic
surfaces Ψ = const, is crucial in investigating axisymmetric hydromagnetic flows
(see Chandrasekhar (1961)).
It follows from vP = ξBP [eq. (80)] that
v ×B = vT ×BP + vP ×BT = vφ − ξBφ
R
∇Ψ. (82)
Curl of the last equation vanishes in accordance with the perfect MHD condition
and Faraday’s law so that another stream function, F2, can be introduced in the
following way:
vφ − ξBφ
R
= F2(Ψ), E = −c−1F2(Ψ)∇Ψ. (83)
Further relations are obtained by projections of the Euler equation and can be
derived via straightforward but lengthy manipulations. The toroidal part reads
BP·∇ (RBφ − F1Rvφ) . (84)
For analogous reasons as those that have been presented with equation (80), the
term in parentheses is also a function of Ψ only, say F3(Ψ). Other two independent
relations can be obtained by projecting the Euler equation into the poloidal plane.
The projection along BP yields the Bernoulli equation
1
2
v2 +
∫
Ψ=const
dP
ρ
+ Φ−RvφF3 = F4(Ψ). (85)
Compared to the hydrodynamical form of Bernoulli integral, in which electromag-
netic effects are not been considered, the additional term RvφF3 corresponds to
the electromagnetic (Poynting) energy transport. The projection of the poloidal
component of the Euler equation to the direction parallel to ∇Ψ serves as a Grad–
Shafranov master equation that can close the set of independent equations (for the
46
application to black hole magnetospheres, see e.g. Blandford and Znajek (1977);
Beskin and Kuznetsova (2000); Ioka and Sasaki (2003); Contopoulos et al. (2013)).
This is a non-linear differential equation for Ψ, the explicit form of which naturally
depends on the equation of state and on stream functions Fk. For example, we
set F1 = 0 if no poloidal flow of material is required a priori (the case of disks).
Force-free approximation to the Grad–Shafranov equation is equivalent to the self-
consistent form of the pulsar equation from the astrophysical literature (Cohen et al.
(1973), Scharlemann and Wagoner (1973)). Within the general relativity framework,
its applications to rotating compact stars and black holes have been examined by
various authors (see e.g. Kim et al. (2005)). On the other hand, laboratory plasmas
in tokamaks are often described within the approximation of a vanishing material
flow, F1 = F2 = 0, and negligible gravity, Φ = 0.
Electromagnetic forces act on charged particles and may substantially modify
the structure of accretion disks. These have been originally explored in a series of
papers by Michel (1982), Michel (1983). The inclusion of electromagnetic effects
makes the disk theory much more complex. A simplified approach is possible in
terms of self-similar solution of axially symmetric MHD equations (Konigl, 1989).
Let us consider a magnetized accretion disk in the equatorial plane and assume
that the magnetic field is frozen into the disk. The toroidal part of the field arises
from the dragging of the magnetic field by the disk material. It follows that BT =
Bφ eφ, BP = B −BT = BR eR +Bz ez.
Now the basic relations adopt the following form. The Maxwell equation∇ ·B =
0 together with the consequence of axial symmetry, ∇ ·BT = 0, yield ∇ ·BP = 0.
This means that both the poloidal and the toroidal components can be separately
associated with unending field lines. The value of EP follows from the force-free
condition,
0 = E′ = EP + c−1(Ω× r)×B, (86)
where Ω = ΩF eφ means the angular velocity of each field line and r is the radius
vector. Charged particles move along field lines. Using ∇× EP = 0 and ∇ ·BP =
0 we find
BP · ∇ΩF = 0. (87)
In other words, the angular velocity of each field line remains constant along its
curve; thus ΩF does not change along poloidal field lines. This result is called
Ferraro’s law of iso-rotation (Ferraro and Plumpton, 1961).
The light surface is the locus of points where the velocity of the field lines ap-
proaches the speed of light. Charged particles cannot corotate with field lines be-
yond the light surface; instead, they are forced to move away and this is the basis
of particle acceleration around pulsars and possibly formation of jets in extragalac-
tic sources. On the other hand, the accretion disk itself can serve as a source of
particles. Assuming the perfect MHD condition inside the disk, we obtain for the
particle density
n =
1
4piqe
∇ · E = − 1
4piqec
∇·(v ×B) = − 1
2c
ΩBφ. (88)
Non-zero charge-density generates an electric field, which pulls charged particles out
of the disk.
Magnetic field lines threading the disk exert a torque on its material, G =
R× (j ×B), and are thus a source of effective viscosity. Such a disk does not
radiate (remember that we are considering axisymmetric stationary configurations).
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Consider now a circle of radius R centered on the symmetry axis. Ampere’s law
yields BT = 2J/cR. We have already mentioned that in the force-free region currents
flow along magnetic surfaces, but in the disk and in the far region the force-free
condition is violated and dissipation occurs. The density of the electromagnetic
energy flowing through the force-free region is given by P = cE ×B ≈ cEP ×BT.
Substituting for EP from eq. (86) we estimate the magnitude of this vector as
P ≈ ΩRBPBT. Finally, BP and BT are to be determined in accordance with the
boundary conditions.
Magnetohydrodynamic equations are only applicable if the medium can be treated
as a continuum. This assumption does not hold in case of highly diluted, in which
case the mean free path of particles is comparable with other characteristic length-
scales of the system; small-scale turbulence may save the MHD approximation even
at low densities but large-scale magnetic fields break it in regions of strong magnetic
dominance (Jackson, 1962). There are various possibilities for extending the validity
of the description in terms of continuum beyond the ideal limit towards to include
effects of finite resistivity. For example, unequal directional action of the magnetic
field on charged particles can be accommodated by replacing the scalar conductiv-
ity σ in Ohm’s law by a tensorial quantity. Eventually, the extreme situations of
highly rarefied magnetized plasmas can be adequately described only by adopting
the kinetic theory.
In the guiding-center approximation one assumes that local gyrations and slow-
drift motions can be neglected (Lehnert, 1965). This restriction requires the radius
of the gyrations be much less than a characteristic length-scale of the field inho-
mogeneities, and the period of the gyrations to be much less than a characteristic
time-scale of the field evolution. If the conditions are satisfied one can average out
gyrations and drifts. Instead of the exact trajectory, one follows an imagined path
of the center of gyrations. Flow lines of plasma coincide with the common direc-
tion of electric and magnetic fields in the plasma co-moving frame. The equation
of motion of a particle of rest mass m0 and electric charge q then reads (Karas and
Vokrouhlicky´, 1991)
d
dt
(Γm0v) = Γm0g +
q
c
(E +
1
c
v ×B), (89)
where Γ is the Lorentz factor and g is the gravitational acceleration.
3.2 General Relativity framework
Let us now generalize our discussion to the case of General Relativity (GR) frame-
work for axially symmetric MHD flows. In this section, very naturally, we will
employ the standard GR notation with geometrized units (c = G = 1) and the
signature of metric −+++. First we will still maintain the approximation of elec-
tromagnetic test fields (albeit in the curved background), so that the spacetime
metric is not electromagnetically influenced. The set of equations of perfect magne-
tohydrodynamics can be written in the following form (Anile and Choquet-Bruhat,
1989; Lichnerowicz, 1967).
Let us note that the environment of diluted cosmic plasma, accretion flows in
particular, has been permeated by magnetic fields of diverse magnitude and topology.
In the context of black-hole accretion the field lines can be either turbulent and
highly entangled (on length-scales ` Rg, or they can be organized on much larger
scales, as various simulations indicate in the evacuated regions along the symmetry
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axis. Also time-scales vary wildly, from the fields that change explosively (compared
to the light-crossing time across the event horizon, τ` ' `/c) to steady systems
that evolve adiabatically over much longer (viscous) period. In following, to reveal
effects connected with the overall geometry of the system and associated effect of
gravitation, we will concentrated on large-scale, organized, slowly evolving fields.
Conservation of the particle number reads (ρ0u
α);α = 0, with ρ0 = mn;, where
m is the particle rest mass, n numerical density, uα four-velocity. Here we do
not consider a possibility of creation of pairs, which would break this conservation
law. Normalization condition for four-velocity is written uαuα = −1. As originally
shown by Znajek (1976), by employing the explicit form of the energy-momentum
conservation Tαβ ;β = 0, and the definition of energy-momentum tensor in terms of
material density ρ and pressure P , one finds (Phinney, 1983)
Tαβ = Tαβmatter + T
αβ
EMG, (90)
where the right-hand side contains the source term divided in two components,
Tαβmatter = (ρ+ p)u
αuβ + pgαβ, (91)
TαβEMG =
1
4pi
(
FαµF βµ −
1
4
F µνFµνg
αβ
)
, (92)
with Fµν = Aν,µ − Aµ,ν .
The axial symmetry and stationarity guarantee the existence of two Killing vec-
tors, kα = δαt and m
α = δαφ , which satisfy relations
0 = kαT
αβ
;β =
(
kαT
αβ
)
;β
, (93)
0 = mαT
αβ
;β =
(
mαT
αβ
)
;β
. (94)
Let us note that the electromagnetic field may or may not conform to the same
symmetries as the gravitational field. Naturally, the problem is greatly simplified
by assuming axial symmetry and stationarity for both fields.
In the fluid rest frame, the electric field is assumed to vanish completely: Fαβu
β =
0. It follows (Znajek, 1976; Blandford and Znajek, 1977; Hirotani et al., 1992;
Khanna and Camenzind, 1992; Pan et al., 2017)
At,r
Aφ,r
=
At,θ
Aφ,θ
≡ −ΩF. (95)
The latter relation implies ΩF,r/Ω
F
,θ = Aφ,r/Aφ,θ. Indeed, eq. (95) is an analogy of
eq. (86) with ΩF playing the role of angular velocity of magnetic field lines. A more
detailed exposition and derivation of these relations can be found in Phinney (1983),
where it is shown that the latter equation implies that the two Jacobian matrices
∂(At, Aφ)
∂(r, θ)
= 0,
∂(ΩF, Aφ)
∂(r, θ)
= 0 (96)
vanish. Therefore, the mentioned functions are not independent: At ≡ At(Aφ) and
ΩF ≡ ΩF(Aφ). The flow stream-lines and the magnetic field-lines lie in the level
surfaces of Aφ, i.e. ~u · ∇Aφ = ~B · ∇Aφ = 0, where ~B = (∗F ) · ~u (the arrow denotes
two-component space-like vectors defined in the (r, θ)-plane).
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In order to find the possible geometry of flow lines, one can introduce the stream
function k(r, θ) satisfying (Phinney, 1983; Nitta et al., 1991)
ur
Aφ,θ
= − u
θ
Aφ,r
≡ k(r, θ)
4pi
√−gρ0 ; (97)
apparently, the functional dependence is constrained to k(r, θ) ≡ k(Aφ). Two addi-
tional stream functions can be obtained by inserting the explicit form of Tαβ into
equations (93)–(94). Finally, we are still left with the two equations, T rβ ;β = 0 and
T θβ ;β = 0, but also these relations are not independent and they can be constrained
by contracting Tαβ ;β = 0 with any poloidal four-vector which is linearly indepen-
dent of poloidal projection of uα. The result is a non-linear second-order differential
equation which is a generalization of the Grad–Shafranov equation within general
relativity (as outlined by Kim et al., 2005).
So far our discussion has been restricted to weak, electromagnetic test-fields in
a given, fixed background spacetime; we have neglected the influence of the electro-
magnetic field on the spacetime metric. This approach was employed by a number
of authors to address the problem of electromagnetic effects near a rotating (Kerr)
black hole (Thorne et al., 1986; Wagh and Dadhich, 1989; Takahashi et al., 1990;
Komissarov, 2004). The Kerr solution is a suitable and astrophysically accurate
approximation of the space-time that captures cosmic environment relevant for the
formation of jets (Fendt, 1997). On the other hand, self-consistent solutions of cou-
pled Einstein-Maxwell equations for black holes immersed in electromagnetic fields
have been studied only within stationary, axially symmetric, vacuum models (e.g.,
Garc´ıa Dı´az and Breto´n Baez, 1989; Dokuchaev, 1987; Gal’tsov, 1986; Ernst and
Wild, 1976; Hiscock, 1981; Karas and Vokrouhlicky´, 1991).
It turns out that the test electromagnetic field approximation is fully adequate for
modelling astrophysical sources, however, the long-term evolution of magnetospheres
of rotating black holes, consequences of non-ideal MHD and the effects of oscillatory
motion of the central body are still open to further work (Okamoto, 1992; Park
and Vishniac, 1989; Rezzolla et al., 2001; Rezzolla and Ahmedov, 2004; Kudoh and
Kaburaki, 1996).
Electromagnetic fields play an important role in astrophysics. Near rotating
compact bodies, such as neutron stars and black holes, the field lines are deformed
by an interplay of rapidly moving plasma and strong gravitational fields. Here we
will illustrate purely gravitational effects by exploring simplified vacuum solutions in
which the influence of plasma is ignored but the presence of strong gravity is taken
into account. In fact, we will restrict ourselves to purely electro-vacuum solutions for
which we we will outline the elegant formalism of null tetrads. We do not derive new
solutions or technique in these lectures, instead, we summarise useful relations with
the focus towards the role of large-scale organised fields interacting with rotating
black holes.
Let us note that, with exact solutions of the coupled Einstein-Maxwell electrovac-
uum fields, an aligned magnetic flux becomes expelled from a rotating black hole as
an interplay between the shape of magnetic lines of force (which become pushed out
of the horizon) and the concentration of the magnetic flux tube toward the rotation
axis (which becomes more concentrated for strong magnetic fields because of their
own gravitational effect). This is, however, important only for very strong magnetic
fields. In the the latter case the classical definition of the black hole (Hawking, 1973)
has to be modified by taking into account the fact the space=time is not asymptot-
ically flat; instead, the electromagnetic effects contribute to the gravitational field
50
and they may even produce singularities outside the event horizon (see Ernst and
Wild (1976); Karas and Vokrouhlicky´ (1991), and further references cited therein).
Now we are in a position to discuss weak test electromagnetic fields near black
holes, which will then lead us to the methods to generate exact stationary (axially
symmetric) solutions. We start with Einstein’s equations in the form of a set of
coupled partial differential equations (e.g., Chandrasekhar, 1983),
Rµν − 12Rgµν = 8piTµν (98)
(c = G = 1), where the right-hand side (the source term Tµν) is assumed to be of
purely electromagnetic origin,
Tαβ ≡ TαβEMG =
1
4pi
(
FαµF βµ −
1
4
F µνFµνg
αβ
)
. (99)
The sources are constrained by the conservation relation, T µν ;ν = −F µαjα, where
F µν ;ν = 4pij
µ, ?F µν ;ν = 4piMµ, and the dual tensor is denoted by ?Fµν ≡ 12εµνρσFρσ.
We assume that the electromagnetic test-fields reside in a curved background of
a rotating black hole (Kerr metric; see Thorne et al. (1986); Gal’tsov (1986)). In
other words, we study magnetised spacetimes that possess a horizon within classical
General Relativity. Let us note that higher-dimensional black holes and black rings
in external magnetic fields have attracted a lot of interest in recent years and they
have been explored by, e.g., Ortaggio (2005) and Yazadjiev (2006). Also an extension
to the case of naked singularity has been discussed recently (Ada´mek and Stuchl´ık,
2013).
The presence of Killing vectors corresponds to symmetries of the spacetime
(Chandrasekhar, 1983; Wald, 1984), namely, stationarity and axial symmetry. Killing
vectors satisfy the relation
ξµ;ν + ξν;µ = 0, (100)
where the coordinate system can be selected in such a way that the symmetry
generating vector adopts a simple form with the only non-vanishing component:
ξµ = δµρ . In a vacuum spacetime, Killing vectors generate a test-field solution of
Maxwell equations. One can check that a sequence of relations is obeyed:
0 = ξµ;ν + ξν;µ = ξµ,ν − Γλµνξλ + ξν,µ − Γλµνξλ = gµν,ρ. (101)
Eq. (101) states that the metric tensor, due to the symmetry, is independent of the
selected xρ coordinate. In fact, the electromagnetic field may or may not conform
to the same symmetries as the gravitational field. Naturally, the problem is greatly
simplified by assuming axial symmetry and stationarity for both fields.
We define the electromagnetic field by associating it with the Killing vector field,
Fµν = 2ξµ;ν . Then it turns out that Fµν = 2ξµ;ν = −2ξν;µ = −Fνµ, and hence the
symmetry vector generates the electromagnetic test field tensor in the form (Wald,
1984)
Fµν = ξµ;ν − ξν;µ ≡ ξ[µ;ν]. (102)
By employing the Killing equation and the definition of Riemann tensor, i.e., the
relations ξµ;ν;σ − ξµ;σ;ν = −Rλµνσξλ, and Rλ[µνσ]cycl = 0, we find
ξµ;ν;σ = Rλσµνξ
λ, ξµ;ν ;ν = R
µ
λξ
λ. (103)
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The right-hand side vanishes in vacuum, hence F µν ;ν = 0. It follows that the well-
known field invariants are given by relations
E.B = 1
4
?FµνF
µν , B2 − E2 = 1
2
FµνF
µν . (104)
We start from the axial and temporal Killing vectors, existence of which is guar-
anteed in any axially symmetric and stationary spacetime,
ξµ =
∂
∂t
, ξ˜µ =
∂
∂φ
. (105)
In the language of differential forms (e.g. Wald (1984)),
1
2
Fµν dx
µ ∧ dxν︸ ︷︷ ︸
F
= ξµ,ν dx
µ ∧ dxν︸ ︷︷ ︸
dξ
. (106)
The above-given equations allow us to introduce the magnetic and electric charges
in the form of integrals over the horizon. Magnetic charge is defined by relation
4piM =
∫
S
F =
∫
S
dξ, (107)
which is identical to zero as expected, while the electric charge is defined
4piQ =
∫
S
?F =
∫
S
?dξ, (108)
which evaluates to Q = −2M = 4J , where M has a meaning of mass and J is
angular momentum of the source. Here, integration is supposed to be carried out
far from the source, i.e. in spatial infinity of Kerr metric in our case.
In an asymptotically flat spacetime, ∂φ generates a uniform magnetic field,
whereas the field vanishes asymptotically for ∂t. These two solutions are known as
the Wald’s field (Wald, 1974; King et al., 1975; Bicˇa´k and Dvorˇa´k, 1980; Nathanail
and Contopoulos, 2014),
F = 1
2
B0
(
dξ˜ + 2J
M
dξ
)
. (109)
Magnetic flux surfaces are given by integration, 4piΦM =
∫
S F = const. Magnetic
field lines in the axisymmetric case are then
dr
dθ
=
Br
Bθ
. (110)
This definition is in agreement with the natural expectation that the magnetic lines
should reside in the surfaces of constant magnetic flux.
This brings us to the spin-coefficient formalism (Newman and Penrose, 1962;
Geroch et al., 1973) as a special form of the tetrad formalism. Although this should
be a topic of an independent text beyond the scope of the present chapter, we refer
the reader to Appendix 5.1 for an introduction and the basic notation related to the
highly useful method of spin coefficients.
An explicit form of the solutions can be constructed and illustrated by plotting
the lines of force where the Schwarzschild case is among the simplest examples, where
the effects of strong gravitational field persist (Karas, 2014, for further references).
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(a) (b)
Figure 18: The poloidal (φ = const) section across a system of the black hole (black
circle) embedded in an axially symmetric (weak) uniform magnetic field: (a) a = 0
(static black hole – Schwarzschild solution for the space-time geometry) vs. (b) a =
M (maximally rotating Kerr black hole). In the left panel (a), magnetic lines of
force are plotted for the non-rotating case in Schwarzschild coordinates, where the
gravitational effects on the homogeneous field lines do not show up in the projection.
On the other hand, the right panel (b) does show the effect of the expulsion due to
fast rotation that influences the spacetime and the magnetic field.
(a) (b)
Figure 19: Field lines of the gravitomagnetically induced electric field produced by
the aligned, asymptotically uniform (test) magnetic field in vacuum. (a) The case
of fast-rotating Kerr black hole (a = 0.95M); (b) the maximally rotating black hole
(a = M). Let us notice the specific form of the induce electric field which become
radial at large distance. Figure adapted from Dovcˇiak et al. (2000).
Lorentz force acts on electric/magnetic monopoles residing at rest with respect
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to a locally non-rotating frame,
duµ
dτ
∝ ?F µν uν ,
duµ
dτ
∝ F µν uν . (111)
Magnetic lines are defined in the form (Christodoulou and Ruffini, 1973)
dr
dθ
= −Fθφ
Frφ
,
dr
dφ
=
Fθφ
Frθ
, (112)
whereas the magnetic flux (in an axially symmetric case) reads
Φm = piB0
[
r2 − 2Mr + a2 + 2Mr
r2 + a2 cos2θ
(
r2 − a2)] sin2θ = const. (113)
The shape of field lines in the poloidal projection is associated with the coordinates,
whereas the magnetic flux is an invariantly defined scalar quantity that characterizes
the system. Notice: Φm = 0 for r = r+ and a → M . The axisymmetric flux
is expelled out of the horizon – a somewhat surprising but well-known effect that
resembles the Meissner effect in physics of (super-)conducting magnetized bodies
(Bicˇa´k and Ledvinka, 2000; Penna, 2014; Bicˇa´k and Hejda, 2015). The analogy,
however, is not complete. While the true Meissner effects concerns the magnetic
field expulsion out of superconducting medium, its black-hole variant describes a
strong gravity influence on the field lines in vacuum spacetime with a specific high
degree of symmetry.
Let us note that the mechanism operates not only in case of asymptotically
uniform magnetic fields but it similarly influences higher multipoles. Apparently,
the effect does not operate in oblique (non-axisymmetric) or plasma filled (force-free)
or non-stationary magnetospheres (Pan and Yu, 2016; Gong et al., 2016; East and
Yang, 2018). There has been a continued discussion whether the process of expulsion
might operate in the case of Kerr black hole in extreme rotation (a/M = ±1); it
turns out, however, that the mechanism is relevant just for electro-vacuum fields
and non-ideal MHD environments. In particular, the force-free condition (typically
satisfied in highly conducting cosmic environments) leads to magnetic field lines
being rapidly accreted together with the infalling matter, so that the magnetic flux
tubes penetrate the horizon in an almost radial direction.
On the other hand, we will demonstrate further below that the electro-vacuum
case is not limited to weak magnetic fields; it can be reproduced within the exact
electro-vacuum axisymmetric solutions of the coupled Einstein-Maxwell equations if
the notion of the black hole is appropriately extended. This is in agreement with
the view of the GR Meissner effect as a purely geometrical effect that influences the
vacuum structure of the magnetic field lines around the event horizons, however,
it neither enhances nor counter-acts the competition from MHD processes when a
conducting (non-vacuum) environment is present.
The electric fluxes and field lines can be introduced in an analogous manner
by interchanging the electromagnetic field tensor and its dual tensor, and simulta-
neously the magnetic charge by the electric charge, and vice versa wherever they
appear in the formulae. The induced electric field vanishes in the non-rotating case.
Based on analogy with a conducting sphere in rotation (within the classical elec-
tromagnetism), one could expect a quadrupole-type component, however, here the
leading term of the electric field arises due to gravo-magnetic interaction, which is
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a purely general-relativity effect. This electric field falls off radially as ∝ r−2 (Fig.
19).
Magnetic field lines reside in surfaces of constant magnetic flux, and this way the
lines of force are defined in an invariant way (see Fig. 18). Electric field is induced
by the gravito-magnetic influence of the black hole. The resulting field lines are
shown in Fig. 19. An asymptotic form of the electric field-lines reads
dr
dλ
=
B0aM
r2
(
3 cos2 θ − 1) + 3B⊥aM
r2
sin θ cos θ cosφ+O (r−3) , (114)
dθ
dλ
= O (B⊥r−3) , dφ
dλ
= O (B⊥r−3) . (115)
As mentioned above, the magnetic field aligned with the rotation axis produces an
asymptotically radial electric field, rather than a quadrupole field, as could be ex-
pected under similar circumstances in the classical electrodynamics. This difference
is due to the combined gravito-magnetic effect of rotation and strong gravity of the
black hole.
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Figure 20: Magnetic field lines of an asymptotically uniform (weak electrovacuum)
magnetic field perpendicular to the black hole rotation axis. Left: the equatorial
plane is shown (xy Cartesian coordinates in units of GM/c2, the horizon radius is
indicated by circle). The magnetic intensity vanishes in two neutral X-type points
near in the vicinity of a rapidly spinning Kerr black hole (a/M = 0.99). Right: an
enlarged detail of the structure around the magnetic null point.
Magnetic fields misaligned with respect to the rotation axis exhibit very com-
plex structure. Frame-dragging acts on field lines and distorts them in the sense
of black hole rotation. Non-zero magnetic flux still enters into the horizon and,
naturally, the same magnetic flux has to emerge out of the black hole. Magnetic
lines of an inclined (oblique) field are progressively wound up and the conditions
suitable for magnetic reconnection are created (magnetic neutral points emerge in
the ergosphere; cf. Karas et al., 2012b). Let us emphasize that these effects occur
due to purely geometrical action of strong (rotating) gravity, however, the presence
of conducting (force-free) plasma of an accretion disk can lead to a similar structure
of anti-parallel, rotationally distorted field lines (Koide and Arai, 2008). The latter
authors demonstrate the possibility of magnetically driven energy extraction from
the black hole through the reconnection within the ergosphere.
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We notice that magnetic null points emerge near the black hole, suggesting that
magnetic reconnection can be initiated by the purely gravitomagnetic effect of the
rotating black hole (Fig. 20). Indeed, this new mechanism has been proposed (Karas
and Kopa´cˇek, 2009) in the context of particle acceleration processes in the ergosphere
of rapidly rotating magnetized black holes. The induced electric component does not
vanish in the magnetically neutral point, and hence it can accelerate the particles
efficiently.
Figure 21: Cross-sectional area for the capture of magnetic flux by a rotating black
hole. The three oval-shape curves correspond to different values of the black-hole
angular momentum: spin a = 0 (the cross-section has a form of circle of radius 2M ;
its projection coincides with the black-hole horizon, indicated by yellow colour);
a = 0.95M ; and an extremely rotating Kerr black hole, a = M . The enclosed area
encompasses the field lines of the asymptotically perpendicular magnetic field which
eventually enter into the black hole horizon. This area grows with the black hole
spin and its shape is distorted by the gravitomagnetic interaction (figure adapted
from Dovcˇiak et al., 2000).
As mentioned above, the magnetic field lines thread the horizon and become
captured by the black hole if the orientation is mis-aligned with the rotation axis.
The capture of magnetic field lines of the perpendicular field is seen in Fig. 21,
where we plot the black hole effective cross-sectional area. The oval-shaped region
is formed by end-points of those field lines at large spatial distance from the black
hole (r/M → ∞) which eventually cross the horizon and enter into the black hole.
Starting from the circular shape for a/M = 0 static case, the area in mention is
increasingly deformed as the spin grows.
We can conclude that the inclined magnetic magnetic fields experience frame-
dragging that leads to the emergence of magnetic neutral points and the associated
reconnection. At the same time the magnetic flux is not rotationally expelled out
of the black hole, so that the energy extraction via Blandford-Znajek mechanism is
possible even from maximally rotating Kerr black hole. Finally, Fig. 22 shows the
deformation imposed on the structure of the magnetic lines by the translatory boost
onto the magnetic field. Again, this exhibits the purely geometrical effect which the
black hole gravity has on the vacuum magnetic fields.
Surface charge can be formally defined by the radial component of electric field
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Figure 22: Two examples of organized (electro-vacuum) magnetic fields near a ro-
tating in 3D projection. Left: the case of an asymptotically uniform magnetic field
aligned with the rotation axis (parallel to the direction of z-axis). Right: the effect
of linear (translatory) boost, where the black hole moves along the x-axis (figure
from Karas et al., 2012a).
in non-singular coordinates (Thorne et al., 1986),
σH =
B0a
4piΣ+
[
r+ sin
2 θ − M
Σ+
(
r2+ − a2 cos2 θ
) (
1 + cos2 θ
)]
(116)
+
B⊥a
4piΣ+
sin θ cos θ
[
Mr+
Σ+
+ 1
]
[a sinψ − r+ cosψ] , (117)
with
ψ = φ+
a
r+ − r− ln
r − r+
r − r− ∝ ln(r − r+). (118)
For aM ,
σH =
a
16piM
[
B0
(
1− 3 cos2 θ)+ 3B⊥ sin θ cos θ cosψ] . (119)
It should be noted that σH does not represent any kind of a real charge distribution.
Instead, it is introduced by analogy with junction conditions for Maxwell’s equations
in classical electrodynamics. The classical problem was treated in original works
by Faraday, Lamb, Thomson and Hertz, and more recently in Bullard (1949) and
Elsasser (1950). It is quite enlightening to pursue this similarity to greater depth
(see e.g. Karas and Bud´ınova´ (2000), and references cited therein) despite the fact
that this is purely a formal analogy, as pointed out by Punsly (2001).
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So far we discussed test-field solutions of Einstein equations which reside in a
prescribed (curved) spacetime. In the rest of this lecture we will briefly outline a
mathematical procedure to construct exact solutions of mutually coupled Einstein-
Maxwell equations (Kramer et al., 1980). Because this task can be rather compli-
cated, astrophysically realistic results can be only obtained by numerical approaches.
However, an important insight can be gained by simplified the analytic solutions.
We defer a brief mathematical exposition to this latter approach to Appendix 5.2.
It can be shown that the only static magnetized Kerr-Newman black hole is
the one with the vanishing total charge QH and total angular momentum JH (as
defined by Komar’s integral relation; Karas and Vokrouhlicky´, 1991). Let us remind
the reader that these solutions are not asymptotically flat because the magnetic
field does not disappear at large spatial distance from the black hole. Instead, the
spacetime metric approaches the magnetic universe (Melvin, 1965).
Fig. 26 shows the magnetic flux across the black hole hemisphere in the exact
magnetized black hole solution. Four panels capture the topologically different con-
figurations arising for different combinations of spin parameter a and the electric
charge e. By setting θ = pi/2, one obtains the flux across the entire hemisphere. The
top-left panel (a) corresponds to the case of magnetized non-rotating (Schwarzschild-
Melvin) metric (a = e = 0) while (b) and (d) show two extreme configurations
(a2 + e2 = 1). In Fig. 26a the flux reaches maximum of F = 2pi for γ = 0.5 (see
also Gal’tsov, 1986; Karas and Bud´ınova´, 2000). In other words, the flux is not a
monotonic function of the magnetic-field parameter and it decreases when the field
strength exceeds a certain critical value, depending on the interplay between the
magnetic intensity, distribution of the flux across the horizon, and its surface. In
terms of its β-dependence, the flux first concentrates to symmetry axis θ = 0 when
β increases from zero to unity, but than it spreads away from the axis of rotation.
Let us notethatthis is an exemplary behaviour that occurs in exact solutions with
strong magnetic fields but it diseappears in weak test fields.
3.3 Particle acceleration and jet launching near SMBH
Observations reveal that collimated outflows of matter are a generic phenomenon
connected with certain types of astronomical objects. These jets exist on very differ-
ent length scales and they are associated with sources ranging from stars to galactic
nuclei – over nine orders of magnitude in the mass of the central source (see Begel-
man et al., 1984; Blandford et al., 2018, for authoritative reviews). The nature of
jets and the associated mechanism of acceleration are diverse but they also exhibit
common properties; unifying schemes have been thus proposed, initially motivated
on the observational grounds. It has been speculated about analogies between elec-
tromagnetic processes that accelerate particles near pulsars (Benford, 1984) versus
processes in magnetospheres of supermassive black holes (Blandford and Znajek,
1977; Hirotani et al., 1992). It is tempting to ascribe (part of) the differences, at
least in case of AGN jets, to unequal orientation of these objects with respect to the
observer. The interest in this subject has been amplified by the discovery of rela-
tivistic motion microquasars in our Galaxy (Mirabel and Rodr´ıguez, 1994; Hjellming
and Rupen, 1995; Tingay et al., 1995) which have their well known counterpart in
extragalactic superluminal jets (Zensus and Pearson, 1990). Excellent original arti-
cles reviewing the developments of our knowledge about jets are available, both for
relevant stellar-scale objects in the Galaxy (Padman et al., 1991; Genzel and Harris,
1994) and for extragalactic jets (Begelman et al., 1984; Urry and Padovani, 1995).
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Different mechanisms have been proposed by which a black hole and its accretion
disk can launch jets (Thorne et al., 1986). Firstly, an outflowing wind from the
gaseous disk may create a bubble in an infalling rotating cloud; hot gas then makes
the orifices and the jet is shot out. Secondly, the surface of a geometrically thick
rotating accretion disk may form funnels and collimate the wind. Thirdly, magnetic
field lines are anchored in the disk material, thus spinning due to the overall rotation
which pushes plasma to create jets. Finally, magnetic lines thread the hole, which
forces them to spin and push plasma outwards. The jets are presumably formed
in the innermost regions of the source (within a few or a few tens of gravitational
radii, Rg, from the centre) and then they emanate outwards along the rotation axis
of the central object. The initial phase of the jet formation is sometimes called pre-
collimation in the literature, in distinction to processes of subsequent collimation
that operate in more distant regions (magnetic fields play most probably a major
role in maintaining collimated outflows on their course; (Camenzind, 1986a; Lovelace
et al., 1986; Blandford and Payne, 1982). If we are interested in the contribution
to the total radiation that originates near the compact object, this still remains
beyond current observational limits (which are at about 103Rg for extragalactic
sources). However, this may be soon changed by the upcoming Event Horizon
Telescope and the progress of VLBI technique in general. Active Galactic Nuclei
are a potential source of Ultra High Energy Cosmic Rays (UHECRs), which are
formed by particles having an energy of ∼100 EeV. These mysterious messengers
arrive on the Earth from outside the Galaxy, but their origin remains unknown
(Pierre Auger Collaboration et al., 2017).
Radiogalaxies are a subclass of AGN where jets are detected at radio frequencies,
which in turn are classified as type I and type II Faranoff-Riley (FR) galaxies. In
this context high resolution radio data provide a very powerful piece of information
to study particle acceleration and to determine the nature of amplified magnetic
field. In both cases, jets moving in the intergalactic medium are believed to produce
shock waves where particles accelerate via the diffusive shock acceleration mecha-
nism (DSA; Bell, 1978). In fact, DSA appears to be the best established process to
accelerate particles in astrophysical sources where shock waves are present: parti-
cles diffuse back and forth across the shock front and gain energy in each crossing.
Therefore, extended time is required to accelerate the most energetic cosmic rays un-
less the magnetic field around the shock is amplified. The amplified turbulent field
scatters particles, so that they cross the shock more frequently and achieve high
energy in the available time. The current state of the art, however, is a mainly phe-
nomenological scenario where the acceleration process finishes at the moment when
particles start radiating their energy (or when they can escape from the source).
The underlying assumption behind this scenario is that the magnetic field persists
over long distances all the way downstream of the shock. However, it has been
shown (Araudo et al., 2015) that the magnetic field must be highly discrete to ex-
plain the thin radio emission in the jet termination region of some quasars. This
result has important consequences for determining the maximum energy of particles
accelerated up to about 1 TeV and the problem of UHECR acceleration remains
open.
Several mechanisms of the jet initial pre-collimation have been proposed to oper-
ate at the launching site near SMBH, where strong gravity effects and the relativis-
tic frame dragging operate: Abramowicz and Piran (1980) and Sikora and Wilson
(1981) consider collimation inside a funnel of a luminous thick accretion disk. Ma-
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terial of the jet is in mutual interaction with the disk radiation which determines its
terminal speed (Phinney, 1987). Since early 1980s the idea of the disk-like accretion
flows at high accretion rates has evolved to an intricate form but the general scheme
of jets flowing along the disk axis under radiative drag remains viable. The model
has been advanced by detailed quantitative calculations of the jet acceleration both
within the framework of the hydrodynamic (Li et al., 1992) and the test particle
approximations (Melia and Konigl, 1989; Vokrouhlicky´ and Karas, 1991). These cal-
culations confirm the importance of the disk radiation on the jet dynamics. de Felice
and Curir (1992) constrained the rate of change of energy and angular momentum
of an interesting special family of particle trajectories that spiral along the axis.
They do find collimation but the physical nature of dissipative processes that cause
the loss of particle energy and angular momentum remains unclear. Purely geodesic
motion in the Kerr geometry does not contribute to collimation except when the
existence of a hypothetical naked singularity in the centre is accepted (Bicˇa´k et al.,
1993; Schee, 2018).
❊
Jet
Surface
Dj Dw
wind
Wind bow shockJet bow shock
discontinuity
Rsp
vj
vcw
win
d sh
ock
jet s
hoc
k
Stellar cluster
Jet
R
j
sp
R
Figure 23: Particle acceleration operates across the shock discontinuity when a rel-
ativistic jet interacts with a passing star. Left panel: a double bow-shock structure
arises due to stellar wind interacting with a supersonic jet. Jet and wind shocked
regions are separated by a contact discontinuity. The shocked matter flows down-
stream, i.e., away from the shock apex. Dj and Dw denote the size and thickness of
the jet and the wind bow-shock downstream regions, respectively. Right panel: the
efficiency of the mechanism increases dramatically as a dense star-cluster happens
to cross the jet flow line (Araudo et al. 2013, 2017).
Furthermore, stars can occasional transit across the jet and produce shocks
(Bednarek and Banasin´ski, 2015). The interaction provides a scenario to address
non-thermal processes. A double bow-shock structure forms and particles become
accelerated via DSA mechanism. Individual encounters have a limited effect, how-
ever, dense clusters of massive stars can truncate the jet as the cluster crosses the jet
line near the jet launching region. Araudo and Karas (2017) considered the effects of
interaction of jets in Active Galactic Nuclei when they encounter multiple obstacles,
namely, stars in Nuclear Star Cluster surrounding the nucleus and globular clusters
passing across the inner jet (Fig. 23).
It may be interesting to note that the interaction between the accretion disk, jet,
and star of the Nuclear Star Cluster can greatly influence that mode of accretion,
the jet emanation, and the radiation produced by the two components. Collisions
of the star with an accretion disk can (quasi-)periodically modify the radiation
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flux from the source and give us information about the evolution of the orbit. Its
orientation with respect to the observer will be affected by general relativistic effects
(periastron shift, Lense-Thirring precession) and corresponding modulation with
specific periodicities may provide us with the evidence of the black hole in the
core (Karas and Vokrouhlicky´, 1994). The model of a star orbiting a SMBH has
been considered by several authors in different situations. A mechanism of the tidal
capture of a star by a black hole has been discussed (Hills, 1988; Rees, 1988; Novikov
et al., 1992).
Star-disk direct hydrodynamical collisions offer another possibility (Syer et al.,
1991; Pineault and Landry, 1994). Ostriker (1983) proposed that the collisions
could enhance the viscous drag on the accretion disk. Zentsova (1983) calculated
a temperature profile of a bright spot which is created in the place were the star
crashes through the disk. She estimates that the maximum local intensity is in the
UV band. The collisions are highly supersonic: Mach number of the order 102–
103. Assuming that the core of AGN is embedded in a dense star cluster, Zurek
et al. (1992) estimate that the amount of the disk material swept out of the disk
by stars’ passages is enough to form the gas clouds of the broad line region. Syer
et al. (1991) calculate time-scales for the evolution of the orbital parameters in the
Newtonian approximation: star-disk collisions result in circularization of the orbit,
the inclination is reduced and the star becomes a part of the disk. Vokrouhlicky´
and Karas (1993) have obtained similar results for a star moving in the field of a
Kerr black hole. In contrast to the Newtonian case, the probability that the star
will be captured by the black hole is now higher because subsequent collisions can
set the star in an unstable orbit which ends in the black hole. Let us note that the
effective cross-section for star-disk interaction can be significantly enlarged in case
of a magnetic star. This may then lead an increased drag; for a textbook account
of the subject, see Lipunov (1987) and Romanova et al. (2003).
4 Unification of accreting black holes across the
mass scale
4.1 Fundamental plane of black hole activity
Processes related to black hole accretion, which we described in previous sections,
are not exclusively related to AGN physics only. Black holes themselves are very
simple objects characterised by their mass and rotational momentum (electric charge
is probably unimportant for astrophysical black holes in practice). That’s why it
is widely believed that similar processes occur around black holes across their mass
range from a few masses of Sun in stellar-collapsed black holes in X-ray binaries
(XRBs) up to billions of Solar masses in the most massive AGNs.
The unification between the super-massive and stellar-mass black holes became
first evident from an empirical extension of the XRB relation between the radio and
X-ray luminosity to AGN, the so called fundamental plane of black-hole activity
(Merloni et al., 2003). Figure 24 shows the dependence of the radio luminosity on
the X-ray luminosity and the black-hole mass for different kinds of objects, including
XRBs (circles), low-accreting super-massive black holes (Sgr A* and M 32, shown
by squares) as well as highly-accreting Seyferts (triangles) and quasars (stars). The
colour denotes the central black-hole mass (black represents mass corresponding to
stellar masses, i.e. lower than 100 M, while the other colours represent ranges for
61
Figure 24: Fundamental plane of black hole activity showing a relation between
the radio and X-ray luminosity with mass for different kinds of black holes (from
Merloni et al., 2003).
masses of the super-massive black holes in galactic centres). The found correlation
from the multivariate regression analysis by Merloni et al. (2003) was:
logLR = (0.6± 0.11) logLX + (0.78+0.11−0.09) logM + 7.33+4.05−4.07. (120)
The radio luminosity plays an important indicator for the jet presence, while
X-rays are connected with the accretion. The fundamental plane of the black-
hole activity thus observationally demonstrated the relation between the accretion
physics and the jet launching mechanisms. Moreover, it showed that the relation
is similar for XRBs and AGNs, i.e. for objects with entirely different masses, sug-
gesting that the jet models are scale-invariant, as proposed, e.g., by Heinz and
Sunyaev (2003). Moreover, the found correlation is quantitatively consistent with
the advection-dominated accretion flow (ADAF) rather than the standard accretion
disc scenario. This indicates that the jet is a prominent feature mainly during this
kind of accretion flow that is related with a sub-Eddington accretion rate, and the
fundamental plane is appropriate for sources in this so-called hard state.
The fundamental plane has shown similarities between XRBs and AGNs and
has opened the way to the unification of black-hole activity across the mass range.
Understanding what is common and what is inherently different between these two
classes will allow us to use the knowledge of one black-hole kind to the other and
better understand the black-hole physics in general. What is clearly different be-
tween the XRBs and AGNs is the characteristic time scale, at which the accretion
flow evolves. While for XRBs several changes of their accretion modes have been de-
tected (and different associated spectral states have been identified, see next Section
for more details), AGNs probably remain in the same accretion state during mon-
itoring over years and decades. Several observational phenomena that are related
with the XRB spectral states are, however, observed for AGN as well, including large
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variability and outflows in the form of jets and winds. Also, in the other way round,
some XRB spectra revealed the features more typical for AGN. An example could
be V404 Cyg in its recent outburst, where Motta et al. (2017) revealed the presence
of winds and large obscuration analogical to AGN spectra. The next sections are
devoted to describe the spectral states of XRBs and to discuss possible analogy of
spectral states in AGNs.
4.2 Spectral states – AGN vs. microquasars?
The XRB spectral state can be quite well defined by the intensity and spectral hard-
ness (ratio between hard and soft X-ray flux) in the so-called hardness-intensity
diagram (HID) (Fender et al., 2004). The soft X-ray band is dominated by the
accretion-disc thermal emission. Thus, sources in the “high/soft” state (HSS) pro-
duce most emission in the form of thermal radiation. Oppositely, sources lacking the
accretion-disc thermal emission are dimmer and harder and the state is referred to as
“low-hard” state (LHS). It is believed that sources in the LHS have their accretion
disc truncated at a further radius while in HSS the disc innermost edge coincides
with the innermost stable circular orbit at 1-6GM/c2 depending on the black hole
spin. The X-ray corona is weak in HSS, while it is strong in LHS.
The spectral states of X-ray binaries evolve very rapidly (Dunn et al., 2010), they
can change in order of hours to days. An intriguing property is an observed hysteresis
in HID. During a typical outburst, the source gets brighter by several orders of
magnitude, but its hardness does not change significantly (see, e.g., Fender and
Belloni, 2012). Then, either the outburst fails and the source goes back to quiescence,
or the source very rapidly moves to the HSS and thermal emission starts to prevail
in the spectrum. The transition back from soft to hard always happens when the
luminosity is much lower. Several explanation of this hysteresis behaviour were
proposed (Chakrabarti and Titarchuk, 1995; Smith et al., 2002; Meyer-Hofmeister
et al., 2005; Petrucci et al., 2008; Contopoulos et al., 2015), but none has been
widely accepted as the unique scenario.
With the XRB spectral states, several observational phenomena are related.
Large variability (rms of order of a few tens of percent) is observed in the hard state
while it diminishes in the soft state (Homan and Belloni, 2005). Interesting timing
features occur during the spectral transitions when the variability suddenly drops.
The power spectra reveal different kinds of quasi-periodic oscillations (see, e.g.,
Belloni, 2010). Also the jet production is closely associated with the spectral states
(Fender et al., 2004). A persistent jet is present in the hard state while it disappears
after the transition to the HSS. Ponti et al. (2012) showed that XRBs in the soft state
produce equatorial winds instead of the jets. Only sources in the so-called “very-
high state” (or “steep-powerlaw state”) can still produce blobs of relativistically
accelerated matter ejected from the source in the polar (jet) direction. These ballistic
jets are highly relativistic (have very large Lorentz factor) and unstable (they never
built a persistent jet). Narayan and McClintock (2012) showed that the strength of
the ballistic jets is correlated with the BH spin, while the correlation between the
spin and the radio power of persistent jets was found to be dubious (Fender et al.,
2010).
The spin - jet power relation has significant implication also for AGN physics.
From large extragalactic surveys, it was shown that about 10-20% of AGN are radio-
loud (Kellermann et al., 1989), while the majority is radio-quiet. There have been
long discussions what physical processes lead to this distinction, the spin paradigm
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being one of the most favourite physical interpretation (Moderski et al., 1998; Sikora
et al., 2007). However, in analogy to XRBs, it was suggested by Koerding et al.
(2006b) and Svoboda et al. (2017) that the observed radio dichotomy may be ex-
plained by AGN spectral states similar to those in XRBs. Prominent jets ex-
tending to extra-galactic space are observed in several nearby AGN, such as M87
(Junor et al., 1999). Jet emission represents a significant contribution in radiation
observed from low-luminosity AGN, for which the radio loudness was found to be
anti-correlated with the Eddington ratio (see, e.g., Ho, 2002; Panessa et al., 2007;
Sikora et al., 2007; Ishibashi et al., 2014), qualitatively confirming the possible anal-
ogy with the jet presence in the XRB “low-hard” state. Indeed, it was proposed
in the past that different kinds of AGN may correspond to different spectral states
similar to XRBs (see, e.g., Koerding et al., 2006b; McHardy et al., 2006; Sobolewska
et al., 2011).
Direct comparison of AGNs with XRBs is difficult mostly because of the largely
different mass (M ≈ 105−10M) that determines both the size and the time scales.
The size scale affects the temperature of the accretion disc because the disc inner
edge is located further from the BH singularity in AGNs than in XRBs. The AGN
thermal emission thus dominates in the UV band (Malkan and Sargent, 1982; Laor
and Netzer, 1989), which is, however, difficult to observe due to large interstellar and
intergalactic absorption. In addition, AGNs are not isolated. They are surrounded
by the whole galaxy whose hot stars significantly contribute to the total UV emission
coming from the active galaxy. Because of the observational difficulties, the UV
spectrum is one of the least understood part of AGN spectral energy distribution
(SED). Although the apparent excess (Big Blue Bump) is usually associated with
the thermal emission from the accretion disc. It was, however, noticed already by
Elvis et al. (1994) that the quasar spectra cannot be generally described by the
thermal black-body emission of a thin accretion disc. This lead to the hypothesis
that AGN UV and soft X-rays need to be explained by an additional Comptonisation
component that is unique for AGNs and not present for XRBs (Done et al., 2012;
Done, 2014).
The other complication related to the mass is the different time scale of AGNs
and XRBs. A complete cycle of an XRB outburst from quiescence through hard
state to soft state is of the order of a few hundred days (Remillard and McClintock,
2006; Dunn et al., 2010). AGNs with significantly larger black holes have the time
scales proportionally larger. It is therefore impossible to wait for a spectral change in
an AGN. Even the shortest independently estimated timescales for an AGN phase is
105 years (Schawinski et al., 2015). The only chance is thus to detect a source during
the very fast transition, such as the “hard-to-soft” transition, that takes only hours
in XRB and that would correspond to years in AGN. Some changing-look AGNs
were indeed proposed to be candidates of spectral changes (LaMassa et al., 2015;
MacLeod et al., 2016; McElroy et al., 2016), but in some cases other interpretations
have also been proposed (see e.g. Merloni et al., 2015). Most AGNs are not variable
in X-rays by a factor larger than a few over decades (Strotjohann et al., 2016),
suggesting that they remain in the same spectral state. Only a large homogeneous
AGN sample can populate the HID with a sufficient number of sources.
A seminal work on an AGN HID was done by Koerding et al. (2006b). They
generated a disc-fraction luminosity diagram for a large sample of quasars from the
Sloan Digital Sky Survey (Adelman-McCarthy et al., 2006) and from archival X-ray
measurements from the ROSAT All-Sky Survey (Voges et al., 1999). They showed
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Figure 25: Comparison of hardness-intensity diagrams for an XRB sample in the left
panel (Dunn et al., 2010) vs. AGN sample on the right (Svoboda et al., 2017). Different
colours in the XRB plot represent different sources. The colour in AGN plot denotes
the relative radio loudness. The radio loudness per hardness bin is shown in the upper
histogram (for radio-loud sources only), revealing the increase of radio loudness towards
hard states. The side histogram shows the relative radio loudness per luminosity bin.
that radio-loud AGNs lack the thermal emission and their luminosity is dominated
by X-rays from non-thermal processes. However, the SDSS sample does populate
only high-luminosity part of the diagram with the sensitivity limit (L ≈ 1044 erg s−1),
not including the low-luminosity AGNs. Their results could also be affected by the
limited bandpass of the ROSAT/PSPC detector, and by the non-simultaneity of the
data if the observed flux is significantly variable. However, a recent work by Svoboda
et al. (2017) revealed the same trend for AGN sample based on simultaneous UV
and X-ray observations obtained by XMM-Newton. The sensitivity of XMM-Newton
measurements allowed them to study low-luminosity sources as well. They found
that their radio loudness is also related with the UV/X-ray spectral hardness, but the
precise measurement of the spectral hardness is compromised by generally unknown
host-galaxy contamination that affects more UV than X-rays. Therefore, the low-
luminosity sources appear softer than would be their intrinsic nuclear emission. This
is apparent from the comparison between AGNs and XRB HID (see Fig. 25), and
was shown by Svoboda et al. (2017) that the effect of host galaxy is indeed the most
likely reason for this discrepancy.
The host-galaxy decomposition is difficult in the absence of very high spatial-
resolution observations that are available only for the nearest galaxies. One possible
way is a detailed modelling of the AGN SED (see e.g. Ho, 1999, 2008, and references
therein). This has been done so far for only nearby AGNs, and there is not yet
a fully accepted consensus on the UV emission. While Ho (2008) concluded that
these sources completely lack the UV emission from the nucleus, Maoz (2007) found
a significant contribution that can be associated with the nuclear activity. Other
possible method could be employed for data with available long-term monitoring.
While the AGN flux is inherently variable, the host-galaxy emission can be sup-
posed as constant contribution to the total flux (Noda et al., 2016). The proper
decomposition of the host galaxy from AGN emission is crucial for a more detailed
study of low-luminosity (and thus very often low-accreting) sources.
Based on the qualitative agreement between the XRB and AGN spectral states,
it was suggested by Koerding et al. (2006b) and Svoboda et al. (2017) that AGN
spectral states may explain the observed radio dichotomy, i.e. a distinction between
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radio-quiet and radio-loud AGNs (Kellermann et al., 1989). Previously, it was pro-
posed that the black hole spin is the important parameter (Moderski et al., 1998;
Sikora et al., 2007). However, we know from XRBs that the jet production does not
occur in the HSS (when the matter gets to the innermost stable circular orbit), but
the persistent jets only appear in the LHS (when the accretion disc is believed to
be truncated). In this sense, the spectral state (accretion mode) might play a prime
role whether the jet is launched or not.
If the jet is related to the spectral state, it should be then possible to track the
radio-morphology evolution in the HID. The previous morphological classifications,
such as one by Fanaroff and Riley (1974), distinguishing core- and lobe- dominated
radio emission, may be related with the interstellar medium in the host-galaxy
rather than to the intrinsic jet evolution (Gendre et al., 2013; Miraghaei and Best,
2017). This implies that high-resolution and high-sensitive data from jet cores will be
essential in understanding the fundamental physical parameters of black hole activity
(see, e.g., Panessa and Giroletti, 2013). Planned extension of the VLA Sky Survey
(VLASS), ASKAP/EMU in the southern hemisphere or APERITIF/WODAN in
the north (for a review see e.g. Norris et al., 2013), and finally the SKA radio
interferometer (Dewdney et al., 2009), will allow more detailed studies of AGN jet
morphologies.
5 Appendix
5.1 Formalism of spin coefficients
Tensorial variables are projected onto a complete vector basis at each point of the
curved spacetime (Newman and Penrose, 1962; Geroch et al., 1973). It has proven
to be extremely useful choice with a far-reaching impact, also in the context of
gravitational waves (Teukolsky, 1973), however, here we confine ourselves to elec-
tromagnetism near black holes in vacuum (King et al., 1975; Bicˇa´k and Dvorˇa´k,
1980). Besides other features the spin-coefficient formalism is attractive especially
because it leads to a set of first-order equations.
The vectorial basis can be conveniently chosen as a complex null tetrad, lµ, nµ,
mµ, m¯µ, satisfying the conditions lνn
ν = 1, mνm¯
ν = −1 (all other combinations
vanish). A natural correspondence with an orthonormal tetrad reads
e(0) =
l + n√
2
, e(1) =
l − n√
2
, e(2) =
m+ m¯√
2
, e(3) =
m− m¯
=√2 . (121)
Although this seems to be more a topic of theoretical physics than astrophysics,
we will briefly expose the relevant mathematics; it has proved to be very useful in
deriving and elucidating the gravitational effects on electromagnetic fields in their
mutual interaction. Let us emphasize that our overview is highly incomplete and
focused only to a few selected aspects.
Let us note that the adopted definition of the null tetrad is not unambiguous;
the following three transformations maintain the tetrad properties:
l → l, m→ m+ al, n→ n+ am¯+ a¯m+ aa¯l; (122)
n → n, m→ m+ bm, l→ l + bm¯+ b¯m+ bb¯n; (123)
l → ζl, n→ ζ−1l, m→ e=ψm; (124)
with ζ, ψ ∈ <.
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Instead of six real components of Fµν , the framework of the null tetrad formalism
describes the electromagnetic field by three independent complex quantities,
Φ0 = Fµνl
µmν , (125)
Φ1 =
1
2
Fµν (l
µnν + m¯µmν) , (126)
Φ2 = Fµνm¯
µnν . (127)
It can be checked that the backward transformation has a form
Fµν = Φ1
(
n[µlν] +m[µm¯ν]
)
+ Φ2l[µmν] + Φ0m¯[µnν] + c.c. (128)
The Newman-Penrose formalism defines the following differential operators:
D ≡ lµ∂µ, δ ≡ mµ∂µ, δ¯ ≡ m¯µ∂µ, ∆ ≡ nµ∂µ. (129)
Furthermore, Newman and Penrose (1962) introduce a set of spin coefficients (also
called Ricci rotations symbols), which have been customarily denoted as follows,
α = −1
2
(nµ;νl
µm¯ν − m¯µ;νmµm¯ν) , (130)
β = 1
2
(lµ;νn
µmν −mµ;νm¯µmν) , (131)
γ = −1
2
(nµ;νl
µnν − m¯µ;νmµmν) , (132)
 = 1
2
(lµ;νn
µlν −mµ;νm¯µlν) , (133)
κ = lµ;νm
µlν , λ = −nµ;νm¯µm¯ν , (134)
ρ = lµ;νm
µm¯ν , µ = −nµ;νm¯µmν , (135)
σ = lµ;νm
µmν , ν = −nµ;νm¯µnν , (136)
τ = lµ;νm
µnν , pi = −nµ;νm¯µlν . (137)
Despite that this is large number of variables the notation has turned out to be
extremely practical. The best way is to demonstrate the usefulness of the formalism
with examples.
We can write the null tetrad for Schwarzschild metric (see King et al., 1975;
Bicˇa´k and Dvorˇa´k, 1980). The metric is then written in the form
ds2 =
(
1− 2M
r
)
dt2 −
(
1− 2M
r
)−1
dr2 − r2 dθ2 − r2 sin2 θ dφ2. (138)
The appropriate null tetrad is then given by
lµ =
(
[1− 2M/r]−1, 1, 0, 0) , (139)
nµ =
(
1
2
, 1
2
[1− 2M/r], 0, 0) , (140)
mµ =
1√
2 r
(
0, 0, 1,= sin−1 θ) . (141)
An arbitrary type-D spacetime (e.g. the Schwarszchild metric) allows to set κ =
σ = ν = λ = 0. In particular, for the Schwarzschild metric the explicit form of
non-vanishing spin coefficients is:
ρ = −1
r
, µ = − 1
2r
1
1− 2M/r, α = −β = −
√
2 r cot
θ
2
, γ =
M
2r2
. (142)
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Maxwell’s equations now adopt an elegant form
(D − 2ρ+ 2)Φ1 − (δ¯ + pi − 2α)Φ0 = 2piJl, (143)
(δ − 2τ)Φ1 − (∆ + µ− 2γ)Φ0 = 2piJm, (144)
(D − ρ+ 2)Φ2 − (δ¯ + 2pi)Φ1 = 2piJm¯, (145)
(δ − τ + 2β)Φ2 − (∆ + 2µ)Φ1 = 2piJn (146)
with Jl = lµ(j
µ + =Mµ), Jm = mµ(jµ + =Mµ), Jm¯ = m¯µ(jµ + =Mµ), and Jn =
nµ(j
µ + =Mµ). These are four equations for three complex variables.
Furthermore, Teukolsky (1973) derived the following general form of Maxwell’s
equations: [
(D − + ¯− 2ρ− ρ¯)(∆ + µ− 2γ)
−(δ − β − α¯− 2τ + p¯i)(δ¯ + pi − 2α
]
Φ0 = 2piJ0, (147)[
(D + + ¯− ρ− ρ¯)(∆ + 2µ)
−(δ + β − α¯− τ + p¯i)(δ¯ + 2pi
]
Φ1 = 2piJ1, (148)[
(∆ + γ − γ¯ + 2µ+ µ¯)(D − ρ+ 2)
−(δ¯ + α + β¯ − τ¯ + 2pi)(δ − τ + 2β
]
Φ2 = 2piJ2 (149)
with
J0 = (δ − β − α¯− 2τ + p¯i)Jl − (D − + ¯− 2ρ− ρ¯)Jm, (150)
J1 = (δ + β − α¯− τ + p¯i)Jm¯ − (D + + ¯− ρ− ρ¯)Jn, (151)
J2 = (∆ + γ − γ¯ + 2µ+ µ¯)Jm¯ − (δ¯ + α + β¯ + 2pi − τ¯)Jn. (152)
Clearly this is an extremely useful form: the above-given differential equations are
entirely decoupled!
Within the Schwarzschild metric the equations are simplified to[
∂
∂r
+
2
r
]
Φ1 +
1√
2r
?∂¯Φ0 = 2piJl, (153)
− 1√
2r
?∂Φ1 +
1
2
[(
1− 2M
r
)
∂
∂r
+
1
r
]
Φ0 = 2piJm, (154)[
∂
∂r
+
1
r
]
Φ2 +
1√
2r
?∂¯Φ1 = 2piJm¯, (155)
− 1√
2r
?∂Φ2 +
1
2
(
1− 2M
r
)[
∂
∂r
+
2
r
]
Φ1 = 2piJn, (156)
where the edth operator acts on a spin weight s quantity η,
?∂η = −
{
sins θ
[
∂
∂θ
+
=
sin θ
∂
∂φ
]
sin−s θ
}
η. (157)
Spin weight is defined by the transformation property η → e=sψη under the trans-
formation m→ e=ψm. Φ0, Φ1, Φ2 have spin weights s = 1, 0, −1, respectively.
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5.2 Formalism of Ernst potential
Let us first assume a static spacetime metric in the form (Ernst, 1968; Harrison,
1968)
ds2 = f−1
[
e2γ
(
dz2 + dρ2
)
+ ρ2 dφ2
]− f ( dt− ω dφ)2 (158)
(with f , ω, and γ being functions of z and ρ only) and the coupled Einstein-Maxwell
equations under the following constraints: (i) an electrovacuum case containing a
black hole, (ii) axial symmetry and stationarity (see Alekseev and Garcia, 1996;
Ernst and Wild, 1976; Karas and Vokrouhlicky´, 1990; Bicˇa´k and Hejda, 2015, and
further references cited therein). Let us note that the system is not assumed to be
asymptotically flat; instead, the energy in the magnetic field (extending to spatial
infinity) ensures that the space-time at infinity does not go over to asymptotical
flatness.
As explained in textbooks (Misner et al., 1973) and in the above-mentioned
works, one can proceed conveniently in one of the following ways to find the three
unknown metric functions:
• The standard approach that proceeds from the second-order derivatives of the
metric tensor: gµν → Γµνλ → Rαβγδ → Gµν ;
• The formalism of exterior calculus: eµ(λ) → ωµνΩµν → Rαˆβˆγˆδˆ → Gµˆνˆ ;
• The approach of the variation principle: L = −1
2
ρf−2∇f·∇f+ 1
2
ρ−1f 2∇ω·∇ω.
Here we denoted the nabla operator, ∇·(ρ−1 ~eφ×∇ϕ) = 0, ∀ϕ ≡ ϕ(ρ, z).
Now, the vacuum field equations (without electromagnetic field) can be written
in an elegant form (Ernst, 1968; Harrison, 1968)
f∇2f =∇f ·∇f − ρ−2f 4∇ω ·∇ω,∇ · (ρ−2f 2∇ω) = 0. (159)
We will briefly summarize the formalism (originally developed in the late 1960s) and
employ it for exact magnetized black-hole solutions. Our aim here is to explore the
transition from weak magnetic fields to the strong-field case that would be more
appropriate to describe highly magnetized objects.
Let us define functions ϕ(ρ, z), ω(ρ, z) by the prescription
ρ−1f 2∇ω = ~eφ×∇ϕ, f−2∇ϕ = −ρ−1 ~eφ×∇ω. (160)
By applying ∇· operator on the both sides of the last equation, the relation for ϕ
comes out, ∇ · (f−2∇ϕ) = 0. Let us further define E ≡ f + =ϕ. Then, both field
equations can be written in the form
(<E)∇2E =∇E ·∇E . (161)
Now we can proceed to adding the electromagnetic field, for which
L′ = L+ 2ρf−1A0 (∇A)2 − 2ρ−1f (∇A3 − ω∇A0)2 . (162)
Functions f , ω, A0, and A3 are constrained by the variational principle. Define
Φ ≡ Φ(A0, A3), E ≡ f − |Φ|2 + =ϕ:
(<E + |Φ|2)∇2E = (∇E + 2Φ¯∇Φ) ·∇E ,
(<E + |Φ|2)∇2Φ = (∇E + 2Φ¯∇Φ) ·∇Φ. (163)
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Let us assume E ≡ E(Φ) to be an analytic function (Ernst, 1968; Harrison, 1968)
that satisfies the constraint(<E + Φ2) d2E
dΦ2
∇Φ ·∇Φ = 0. (164)
Assume further a linear relation, E = 1−2Φ/q, q ∈ C, and introduce a new variable
ξ, defined by the relation
E ≡ ξ − 1
ξ + 1
, Φ =
q
ξ + 1
, (165)
[ξξ¯ − (1− qq¯)]∇2ξ = 2ξ¯∇ξ ·∇ξ. (166)
   
0
0.5
1
(a)
γ
0.2
5.5 6.1
   
 
 
 
(b)
0.1
5
3.5
−0.005
−1
  0   π/4 π/2  
0
0.5
1
(c)
θ
γ
0.1
6
5.7
−0.15
−0.005
  0   π/4 π/2  
 
 
 
(d)
θ
−2.9
−0.15
0.0
46
3
−0.005
−0.55
Figure 26: Contours of magnetic flux across a cap on the horizon (latitude angle
θ is measured from the rotation axis) of a magnetized black hole: (a) a = e = 0;
(b) a = 1, e = 0; (c) a = 0.2, e = 0; (d) a = −e = 1/√2 (electric charge and spin
of the black hole). Here, γ ≡ (1 + β)−1, β ≡ B0M . The horizontal separatrices
(thick lines) correspond to extreme configurations, where the Meissner-type effect
causes a complete expulsion of the magnetic field out of the black hole horizon. This
figure (adapted from Karas and Bud´ınova´ 2000) illustrates strong-gravity effects on
magnetic fields that do not occur in the weak-magnetic (test) field approximation,
namely, the expulsion of the magnetic flux as a function of the intensity of the im-
posed magnetic field (notice the horizontal lines of separatrices, where the magnetic
flux vanishes). Let us emphasize that, unlike the original discussion of the Meiss-
ner effect on weak magnetic fields, here we consider exact, asymptotically non-flat,
electro-vacuum spacetimes of coupled Einstein-Maxwell fields.
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An interesting aspect of the adopted formalism is that it allows one to generate
new exact solutions based on the previously known solutions (the physical inter-
pretation of each newly generated spacetime needs to be explored, especially the
regularity and the presence of singularities have to be checked). We introduce new
variables by relations ξ0 → ξ = (1− qq¯)ξ0 and [ξ0ξ¯0 − 1]∇2ξ0 = 2ξ¯0∇ξ0 ·∇ξ0, i.e.
(<e E0)∇2E0 =∇E0 ·∇E0, E0 ≡ ξ0 − 1
ξ0 + 1
. (167)
where E0 has a meaning of an “old” vacuum solution.
Let (Φ, E , γαβ) be a solution of Einstein-Maxwell electrovacuum equations with
an anisotropic Killing vector field. Then there is another solution (Φ′, E ′, γ′αβ), re-
lated to the old solution by transformation that satisfies one of the following forms
(Kramer and Schmutzer, 1980),
E ′ = αα¯E , Φ′ = αΦ, . . . dual rotation, ?Fµν →
√
α/α¯ ?Fµν ,
E ′ = E + =b, Φ′ = Φ, . . . calibration, no change in Fµν ,
E ′ = E − 2β¯Φ− ββ¯, Φ′ = Φ + β, . . . calibration . . . ,
E ′ = E(1 + =cE)−1, Φ′ = (1 + =cE)−1,
E ′ = E(1− 2γ¯Φ− γγ¯E)︸ ︷︷ ︸
Λ=1−B0Φ− 14B20E
−1, Φ′ = (Φ + γE)(1− 2γ¯Φ− γγ¯E)−1.
E → E ′ = Λ−1E , f → f ′ = |Λ|−2f, ω → ω′, (168)
Φ→ Φ′ = Λ−1(Φ− 1
2
B0E), ∇ω′ = |Λ|2∇ω + ρf−1(Λ¯∇Λ− Λ∇Λ¯). (169)
While the calibration transformations are not of interest for us here, the relations
involving the magnetic field B0 are relevant and they define a non-trivial magne-
tization procedure. To illustrate the mechanism of the above-mentioned solution
generating technique we can give three elementary examples where the well-know
spacetime have been reproduced. In fact, it is possible to start from the most trivial
set-up, i.e. the Minkowski spacetime. From this seed the outcome of the generating
method leads us to the magnetic Melvin universe.
ds2 =
[
dz2 + dρ2 − dt2]+ ρ2 dφ2. (170)
with the metric functions f = −ρ2, ω = 0, Φ = 0, E = −ρ2, ϕ(ω) = 0, new metric
functions f ′ = −Λ−2ρ2, ω′ = 0, Φ′ = 1
2
Λ−1B0ρ2, the associated components of the
magnetic field Bz = Λ
−2B0, Bρ = Bφ = 0, and the generated line element
ds2 = Λ2
[
dz2 + dρ2 − dt2]+ Λ−2ρ2 dφ2. (171)
It is the Λ function that leads to asymptotically non-flat (cosmological) behaviour of
the new solution, where gravity of the magnetic field is in balance with the Maxwell
pressure. Cylindrical symmetry is maintained along z-axis.
Next, we start from the Schwarzschild black hole which as a result of the ap-
plication of the generating technique produces the Schwarzschild-Melvin black hole,
i.e. the spacetime that resembles the non-rotating black hole near its event hori-
zon, however, the solution lacks the property of asymptotical flatness and reach the
above-mentioned Melvin’s universe at large distance.
ds2 =
[(
1− 2M
r
)−1
dr2 −
(
1− 2M
r
)
dt2 + r2 dθ2
]
+ r2 sin2 θ dφ2, (172)
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with f = −r2 sin2 θ, ω = 0, ρ = √r2 − 2Mr sin θ, Br = Λ−2B0 cos θ, Bθ =
−Λ−2B0(1− 2M/r) sin θ, and
ds2 = Λ2
[
...
]
+ Λ−2r2 sin2 θ dφ2 (173)
(the term within the brackets remains unchanged from the original metric form).
The following limits hold for the magnetized Schwarzschild-Melvin black hole so-
lution: (i) B0 = 0 → Schwarzschild solution, (ii) r  M → Melvin solution, (iii)
|B0M |  1→ Wald’s test field in the region 2M  r  B−10 .
As an even more general example we mention the result of the magnetizing
technique when applied to the rotating, electrically charged black hole. The outcome
in this case is the spacetime of magnetized Kerr-Newman black hole.
g = |Λ|2Σ (∆−1 dr2 + dθ2 −∆A−1 dt2)
+|Λ|−2Σ−1A sin2 θ ( dφ− ω dt)2 ,
Σ = r2 +a2 cos2 θ, ∆ = r2− 2Mr+a2 + e2, A = (r2 +a2)2−∆a2 sin2 θ are functions
from the Kerr-Newman metric.
The characteristic function Λ = 1 + βΦ − 1
4
β2E of the magnetized solution is
given in terms of the Ernst complex potentials Φ(r, θ) and E(r, θ):
ΣΦ = ear sin2 θ −=e (r2 + a2) cos θ,
ΣE = −A sin2 θ − e2 (a2 + r2 cos2 θ)
+2=a [Σ (3− cos2 θ)+ a2 sin4 θ − re2 sin2 θ] cos θ.
The electromagnetic field can be written in terms of orthonormal LNRF (locally
non-rotating frame) components,
H(r) + iE(r) = A
−1/2 sin−1θΦ′,θ,
H(θ) + iE(θ) = − (∆/A)1/2 sin−1θΦ′,r,
where Φ′(r, θ) = Λ−1
(
Φ− 1
2
βE). The horizon is positioned at r = r+ = 1 +√(1−
a2 − e2), i.e., independent of β. As in the non-magnetized case, the horizon exists
only for a2 + e2 ≤ 1.
There is an issue with this solution. Namely, by applying the above-mentioned
solution generating technique a conical singularity is produced. The problem arises
from the fact that the mathematical prescription guarantees that Einstein-Maxwell
equations are satisfied locally; however, one still needs to check the global properties
of the solution. And indeed, the conical singularity can be removed by rescaling the
range of azimuthal angle to an enlarged interval 0 ≤ φ < 2pi|Λ0|2 (Hiscock, 1981;
Karas, 1988), where
|Λ0|2 ≡ |Λ(sin θ = 0)|2 = 1 + 32β2e2 + 2β3ae+ β4
(
1
16
e4 + a2
)
. (174)
The effect of the rescaling operation can be revealed by calculating the (scalar)
magnetic flux threading the horizon. The total electric charge QH and the magnetic
flux Φm(θ) across a cap in axially symmetric position on the horizon (with the rim
of the cap defined by θ = const),
QH = −|Λ0|2=m Φ′ (r+, 0) , (175)
Φm = 2pi|Λ0|2<e Φ′
(
r+, θ¯
)∣∣∣θ
θ¯=0
. (176)
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